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The failure of diseased adult heart to regenerate is a major burden to our societies.
Besides patients with ischemia and left ventricular (LV) dysfunction, progress in
pediatric surgery to repair cardiac malformations has led to a growing population of
now adult congenital heart diseases (CHD) patients with right ventricular (RV) failure.
In the absence of any efficient pharmacological therapy for these patients, cell therapy
has turned out to be the only option to regenerate the RV myocardium.

In this study, we demonstrate that the adult pig with RV failure, a model of repaired
tetralogy of Fallot, has the ability of regenerative epimorphosis.

Human embryonic stem cell-derived cardiac Nkx2.5+ progenitor cells were seeded in a
collagen based patch to cover the whole pig failing RV. We report that these cells
migrate within the myocardium while reversing the interstitial fibrosis. They then
engraft and fully differentiate into fetal-like human myocytes within the myocardium.
The graft triggers the reprogramming of surrounding pig myocytes into Oct4+ cells. The
reprogrammed myocytes re-differentiate and proliferate around human myocytes.
Altogether, our findings reveal that mammalian hearts have the ability to undergo
epimorphosis, the major process of endogenous regeneration that leads to a recovery of

their contractile function.
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Congenital heart diseases (CHD) are the major developmental diseases’. Significant
and continuous progress in pediatric surgery from the 1990’s to repair cardiac malformations
has greatly improved the survival of children who now constitutes a growing population of
adult CHD patients. In this specific population, RV dysfunction typically develops as a
consequence of chronic pressure and/or volume overload which is secondary to the originally
lifesaving surgical repair procedures®. Then, these young adult patients with grown up
congenital heart (GUCH) diseases are at high risk of heart failure, severe arrhythmias, valve
disease, pulmonary hypertension, cancer and potentially early aging®*, which constitutes a
medical burden®°. Since more than 50% of GUCH patients have a risk of heart failure at 30
years old®, RV failure makes the long-term follow-up of CHD a challenging medical issue.

The RV is thin, features a gene profile different from the LV and a maladaptive
metabolic response to afterload’, making it less equipped than LV to respond to overload.
Furthermore, therapeutic options for this disease remain poorly investigated® and conventional
therapeutic pharmacological approaches for these patients are often disappointing®. In the
long run, if the repair of causal myocardial lesions does not allow for an improvement in
function, or if RV is a single ventricular heart such as in the hypoplastic left heart syndrome,
organ transplantation is the only remaining option for these young patients. The difficulty and
time to obtain heart grafts because of shortage of donors as well as the risk of such a heavy
surgery for these young patients often severely affected® urgently calls for the search for
alternative therapeutic pathways. Despite challenges which still need to be met, regenerative
medicine still appears to be a powerful approach to prevent and treat terminal heart failure and
its consequences'®.

Clinical trials of cell therapy for congenital heart disease are still rare***. The cell and
molecular mechanisms as well as long term effects of that approach remained however
unclear.

The aims of our study performed on a large animal model of CHD was to evaluate the
therapeutic potential of an epicardial delivery of human embryonic stem cells-derived cardiac
progenitor cells (CPC) in a porcine model of chronic overloaded RV dysfunction®® and to
uncover the cellular and molecular mechanisms underlying the action of grafted cells.

To test the therapeutic effect of the graft of CPC, we performed heart surgery on 18
pigs in order to mimic the clinical situation of repaired TOF*3, Four animals died during the
study: three from the sham group (one severe cardiac failure, two ventricular fibrillations),
one from the control group (infection) before the end of the follow-up, and they were

excluded from the final analysis. All remaining animals (n=6-8/group) gained weight and did
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not feature any clinical signs of heart failure. Age, weight, body length, and body surface area
were similar in all groups at each stage (Fig. S1, Table 1). The time between the surgery and
the delivery of epicardial patches was similar between CPC seeded patch and cell-free groups
(206.0 £ 24.8 vs 211.5 + 40.7 days respectively) as well as the whole duration of the
experiment (296.3+17.4 vs 292.8+ 23.2 days respectively). No mortality was observed after
cell delivery, or during the follow-up, and no adverse effects occurred. Immunosuppression
was well tolerated. In the post cell therapy period, all animals gained weight (Fig S1B, Table
1) and did not feature any clinical signs of either heart failure or immune rejection.

CPC were generated from the human embryonic stem cell line H9 genetically modified to
express the ventricular myosin light chain 2 (MLC2v) fused to GFP™ under the control of the
cardiac a-actin promoter. Cells were sequentially challenged with a series of small molecules
and growth factors (i.e, Wnt activator and BMP2 and then Wnt inhibitor and SHH) to direct
them toward the fate of cardiac progenitors expressing NKX2.5 (Fig 1A)™. Cells were then
sorted with an anti-CD15 antibody directed against an antigen (SSEA-1) expressed at the
surface of differentiated cells'® (Fig. 1A).

When grafted within the collagen based patch covering the whole right ventricle of pigs, the
cells expressing phospho-histone 3 (PH3) still proliferated and were in the process of
differentiation toward actinin+ cardiomyocytes within the patch two months after the graft
(Fig 1B). However, most of cells migrated into the myocardium while differentiating into
cardiomyocytes expressing the human nuclear antigen KU80 and fused MLC2vGFP protein
within the sarcomeres. Migration was likely accompanied with a degradation of fibrosis
allowed by expression of metalloproteases (i.e. MMP1 and TIMP1) by the CPC (Fig. S2).
Interestingly, pig myocytes surrounding the human cardiomyocytes expressed NKX2.5, a
transcription factor not any longer expressed in adult myocytes (Fig 1C,D).

We next investigated the effect of the graft of human CPC on the extent of fibrosis of the right
ventricle. Pig hearts grafted with a cell-free patch still featured extended interstitial fibrosis as
revealed by Sirius red staining (Fig 1D). In contrast, pig hearts grafted with CPC-cellularized
patches featured a restricted or no longer fibrosis (Fig 1D).

To further evaluate the reversal in the extent of fibrosis in human CPC-grafted right ventricle,
we carried out RT-QPCR of genes expressed in fibroblasts or myofibroblasts. Expression of
both Colla2 and Col3al genes was significantly decreased in CPC-grafted hearts when
compared to cell-free patch grafted right ventricle. Periostin (Postn) expressed in fibroblasts
and smooth muscle actin (acta2) expressed in myofibroblasts as well as the pro-fibrotic

growth factor TGF £ were all downregulated in CPC-grafted right ventricles (Fig 1E).
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Five months after surgery, echocardiography revealed in the two groups a similar combined
RV overload. A significant thickening of the RV free wall secondary to a moderate but
significant pulmonary stenosis reflected a barometric overload, associated with a pronounced
RV dilatation (volumetric overload) assessed by increased RV/LV ratio, indexed diastolic
diameter and both end-diastolic and end-systolic areas, following a severe pulmonary
regurgitation (table 1, Fig.2). Echocardiographic standard parameters such as indexed TAPSE
and peak systolic velocity of S’wave, as well as myocardial strain measures, significantly
decreased to the same extent in the two groups; these results showed an alteration of both
global RV function and myocardial contractility. Two months after patch delivery, indexed
RV diameter significantly decreased in the CPC group whereas it increased in cell-free group.
The free wall thickness significantly increased in the CPC group compared to cell-free group.
These results suggest that the RV adaptation to the overload was maintained. The global RV
function was maintained in the CPC group while it decreased in the cell-free group.
Furthermore, the myocardial contractility specifically assessed by free wall strain significantly
improved in the CPC group in contrast to cell-free group in which it kept decreasing. Then,
functional characteristics and contractility parameters differently evolved after either with or
without cardiac progenitors (Fig 2).

In order to understand the improved RV function in CPC-grafted pigs, we screened for
proliferative cells within the right ventricle grafted with cell-free or CPC—containing patches.
While we did not detect any cycling cells in hearts grafted with cell free patches, PH3+ and
Nkx2.5+ cells were found in interstitial tissues of CPC grafted ventricles. The cells further
featured some immature actinin containing sarcomeres (Fig 3A). We next used another
marker of cell proliferation, i.e. Ki67 as an index of DNA-duplicating cells. The anti Ki67
antibody revealed the presence of clusters of pig cells expressing at the membrane Troponin T
in nascent sarcomeres within the fibrotic area. These cells were not GFP+ and were not
stained by the human specific mitochondria antibody confirming that they were pig cells (Fig
4B).

This intriguing observation led us to further investigate the phenotype of pig myocytes
surrounding the human MLC2vGFP+ cardiomyocytes within the heart. Measurement of the
size of sarcomeres revealed significantly shorter fetal like sarcomeres in pig myocytes
neighbor of human cardiomyocytes than myocytes away from this area. Human myocytes also
featured short fetal-like sarcomeres as expected from their still immature phenotype (Fig
3C,D).
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As adult cardiomyocytes do not reenter the cell cycle, we wondered how pig fetal like
myocytes could have been generated around grafted human cardiomyocytes. We thus raised
the hypothesis that pig myocytes could have de-differentiated and re-differentiated following
reactivation of an embryonic genetic program. We thus looked for one of the major markers
of pluripotent naive stem cells, namely Oct4. Figure 3E reveals that some pig myocytes of
CPC-grafted RV but not of cell-free patch grafted RV expressed OCT4 (Fig 5A). OCT4 was
localized into the nucleus, thus likely to be transcriptionally active (Fig 3E, inset). Some cells
also expressed NF«B or both nuclear OCT4 and peri-nuclear NFxB (Fig 3F).

We thus reasoned that graft of CPC and their migration within the myocardium could trigger a
local and restricted inflammation. Cytokines released within the environment could in
principle activate NF«xB pathway in either or both cardiac fibroblasts and cardiomyocytes. To
test such a hypothesis, cardiac human fibroblasts were transfected with p65/NFxB cDNA. Ten
days later NFkB+ cells expressed OCT4 (Fig S3A). Second neonatal post-mitotic mouse day
7 cardiomyocytes in primary culture were chosen for their capability to be transfected.
p65/NFxB cDNA was transfected in the myocytes. One week later, colonies of OCT4+ cells
were observed in the culture (Fig S3B). These dedifferentiated cells re-differentiated into
cardiomyocytes as indicated by re-expression of actinin set in still immature sarcomeres (Fig
S3B). Interleukin 6 activation of myocytes also led to a dose dependent reprogramming in
OCT4+ cells (Fig S4).

We next hypothesized that a local inflammation should be mediated by resident immune cells.
Macrophages have been involved in tissue regeneration'’ in many non-mammalian organisms.
They are part of cardiac resident immune cells including in heart'®, We thus tested the
presence of macrophages in pig hearts. While a few macrophages could be found in RV
grafted with cell-free patches (Fig 4A), pig hearts grafted with CPC revealed the presence of
many ibal+ macrophages and more specifically around the graft of human MLC2vGFP
myocytes (Fig 4B,C). The immune cells were adherent to pig cardiomyocytes (Fig 4B) and
3D- reconstruction of a z-stack of images even shows that they are integrated within the

cardiac fibers (inset Figure 4B) allowing for a close interaction and dialog with the myocytes.
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Here, we demonstrate that the epicardial delivery of cardiac progenitors in pigs with right
ventricular failure, triggers reprogramming of pig cardiomyocytes into Oct4+ cells that re-
differentiate into ventricular myocytes and regenerate the myocardium. The cells allow
fibrosis to be reversed and improve index of contractility of the ventricle following a true
myocardial regeneration process.

The pigs used in this study were 6-7 months old at the time of cell grafting thus far from the
regenerative post-birth windows™?°. Furthermore the in-vivo myocyte reprogramming was
triggered by a cell-cell interactions and endogenous cytokines without delivery of any
pluripotency genes previously reported to trigger the same process®.

The role of inflammation and specifically macrophages in tissue regeneration is not entirely
new??? but the cell and molecular mechanisms have not been well documented specifically
for myocardial regeneration. It has furthermore never been directly associated with a cell
therapy approach or involved in a process of in vivo cell reprogramming.

We now show that the primary event and the trigger of myocardial regeneration is the
migration of cardiac progenitor cells from the epicardial patch towards the myocardium. The
cells that underwent epithelial-to-mesenchymal transition earlier in the process of
differentiation, an event required for their migration recapitulating the embryonic scenario
indeed have the proteolytic equipment (Fig S2) to degrade the proteins of the extracellular
matrix. They thus make their own path toward the myocardium through the interstitial fibrosis
while differentiating (Fig 1). The degraded proteins thus add to the damaged associated
molecular patterns (DAMP) likely constituted of components of dead myocytes or released by
them such as ATP. This triggers an inflammatory process as revealed by the presence of
NF«B expressing cells (Fig 3) still present two months after cell delivery. Interestingly many
cells including fibroblasts and cardiomyocytes feature DAMP-sensing receptors® making the
scenario likely.

The activated NFxB pathway in cardiomyocytes triggers a re-expression of the pluripotency
factor Oct4 as revealed by immunofluorescence of CPC-grafted right ventricular sections (Fig
3). That NFxB is sufficient to induce Oct4 and to reprogram both cardiac fibroblasts and
myocytes was revealed by our in vitro cell transfection assays (Fig S3) and as we previously
reported for valvular cells?. Interestingly, the OCT4+ cells are capable to re-differentiate into
myocytes both in-vivo and in-vitro (Fig 3 and S3) likely because of their environment and
their epigenetic memory that they retained.
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The immune cell involved is likely to be a macrophage often reported as a pro-regenerative
and tissue repair cell. We found that Ibal+ macrophages did sit on cardiomyocytes and are
clustered in RV grafted with CPC around the graft, which suggests their activated state (Fig
4). They thus have a privileged location to interact and dialog with cardiomyocytes and in
turn to secrete their cytokines in their vicinity. Which macrophage plays that role is still not
yet known under our experimental situation. We can however surmise that it could be a
CCR2" macrophage of embryonic origin known to play a role in pediatric heart
regeneration'®?% Lavine et al* have reported that embryonic macrophages are replaced by
pro-inflammatory monocytes in adult post myocardial infarcted (MI) mouse hearts. However
our pig model of RV failure with interstitial fibrosis is different from a mouse MI model with
a scar. Furthermore Pig macrophages are transcriptionally more close to human, than mouse
immune cells?’. Local activation of CCR2 macrophages within the interstitial fibrosis is still
very likely and experiments of spatial transcriptomics and proteomics should clear up this
issue.

How NFxB and cardiac inflammasome do reprogram pig myocytes without triggering an
adverse inflammatory process remains to be elucidated. The location and the intimate dialog
of resident macrophages with myocytes could in part answer the question. Furthermore,
NF«B acts as a pioneer factor and likely requires another transcription factor to bind super-
enhancer on Oct4 gene regulatory regions®. It acts as a dosage dependent manner and its
target-genes depend upon the frequency and amplitude of its intracellular oscillations®®%.
Thus a time-dependent fine tuning regulation of activation of NFxB likely allows for cell
reprogramming versus inflammation and fibrosis.

Microglia (i.e macrophages) that are also from embryonic origin® have been recently
reported to promote adult brain repair, an event mediated by an IL6 pro-regenerative
pathway>" even if the full mechanism of the regeneration was not investigated.
Dedifferentiation or even reverse differentiation into stem cells as reported herein could be an
efficient means to organ regeneration as previously reported and debated**. This is as more
important and even facilitated for organs such as the hearts that lack stem cells, which could
compete with such a process®’. Thus such a macrophage-induced cell reprogramming or
reverse differentiation could be a general cell mechanism to be explored in regenerative

medicine.
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TABLE 1: Population characteristics and echocardiographic parameters of RV
morphology and systolic function in CPC and no-cell groups at each step of
experimentation.

Baseline Follow-up
Patch application End point
No cell CPC No cell CPC No cell CPC
n=6 n=8 n=6 n=8 n=6 n=8

Population characteristics
Age (days) 63.3+19 629+43 211.5+40.7 206.0+24.8 292.8+232 296.3+17.4
Weight (kg) 200+42 17.8+42 77.7+136  69.1+246 103.9+30.9 87.6+26.7
Biological length (m) 0.77£0.08 0.74+0.07 123+0.09 116+013 1.36+0.10 1.26+0.12
BSA (m?) 0.60+0.12 0.54+0.11 1.51+0.23 1.35+0.3 1.86 £+0.28 1.60+0.30
RV dimensions
ED diameter/BL (mm/m) 18.3+3.7  19.0+4.0 24.6+3.5 25.615.9 28.2+7.5 22.3+3.9
RV/LV diameter ratio 0.42+0.11 0.40+0.10 0.71+0.10* 0.80+0.28* 0.88+0.27* 0.72+0.16*
ED area/BSA (cm/m?) 8.3+1.7 8.9+1.1 9.1+2.7 11.145.7 10.2+3.9 8.4+2.9
ES area/BSA (cm/m2) 43+13  4.8+07 5.2+2.4 6.4%3.7 6.0£3.3 47+1.7
T/M valve diameter ratio 0.86+0.12 0.85+0.08 1.05+0.08*  1.05+0.33 1.03£0.29  1.08+0.24*
RV/PA mean gradient (mmHg) 29425 2.0+0.6  26.7£13.2*  17.9+#8.7*  325+£229*  17.5+9.0*
Free wall thickness (mm) 3.5+0.7 3.5+0.6 7.9+0.9* 7.3£1.6* 8.3x1.3*  10.6+2.8*#
RV systolic function
FAC (%) 50.5+10.8 45.8+4.2 454+12.5%  43.3#50  41.6+12.6* 45.5+45
S’ wave (cm/s) 8.7+2.3 8.9+2.8 9.4+1.9 10.2+3.6 9.6+4.6 10.2+2.4
TAPSE/BL (mm/m) 17.3831 19.2#49  151+3.8 15.8+3.8 12.3+3.9 14.3+2.3
RV contractility
Free wall strain (%) 24.5+3 24.8+3 19.7+3.* 18.1#6.0*  15.447.5*  21.3%6.97
Global strain (%) 20.7+4.2  21.9+2.4  16.9+4.3 16.6+4.9 14.4+7.1 17.046.1

Data are expressed as mean + standard deviation; BSA, body surface area; BL: biological length (square root of BSA); ED,
end-diastolic; ES, end-systolic; FAC, Fraction of Area Change; LV, Left ventricle; M, mitral; PA, Pulmonary artery; RV,
right ventricle. T, tricuspid; TAPSE, Tricuspid Annular Plane Systolic Excursion; *p < .05 versus corresponding group at
baseline. 7p <.05, no-cell group versus CPC group at same step
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Fig. 1: Human ES cell-derived Nkx2.5+ cardiac progenitors migrate, differentiate within the RV myocardium and induce regression of fibrosis (A)
human ES cell-derived Nkx2.5+ cardiac progenitors sorted using an anti-SSEA1 antibody (B) cells proliferate (PH3+) within the patch (C) migrate into and
differentiate into clustered human KU80+ ( light blue indicated by arrow) MLC2VGFP+ cardiomyocytes (D) Fibrosis is regressed in RV grafted with human
cardiac progenitors. RV sections from pig grafted with an empty patch (Cell-free patch) or with a patch seeded with human cardiac progenitors (CPC-patch)
stained with sirius red. Arrows indicate interstitial fibrosis . (E) Q-PCR of fibrosis related genes in either RV of pigs grafted with empty (cell-free) patchs or
cellularized patchs (CPC patch) n=3 pigs. The images are representative of sections from 5 different pigs **t-Test p<0.01
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Figure 2: Functional parameters of pig grafted with cell-free patches (empty) or CPC —patch (cell) before the surgery
(surgery), the day of the graft (graft) and at the end point of the experiment ( euthanasia). The top graphs reflect the remodeling
of the RV and the bottom ones, the contractility. T-test was used to compare two time points or Anova to compare 3 time points

*p<0.05 ** p 0.01
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Fig 3: Pig myocytes are reprogrammed and reproliferate in human cardiac progenitor-grafted RV. Pig RV sections were stained with anti-Nkx2.5, -PH3,
and -sarcomeric actinin antibodies (A) or with anti-troponin T (TnT), -Ki67 and -human Mitochondrial marker antibodies (B) or with anti-KU80, -Nkx2.5, and -
sarcomeric actinin antibodies (C) the inset in C show high magnication. Human MLCGFP+ myocytes positive for KU80 ( indicated by yellow arrows while
nkx2.5+ nuclei are indicated by red arrows) (D): size of sarcomeres measured in pig myocytes far or close to human myocytes in 3 separate hearts.
***n<0.001. Cell-grafted RV sections were stained with anti-Oct4 and anti a-actinin antibodies. (E) Arrows point oct4+ cells. The inset shows a high
maghnification of cardiomyocytes. Sections were also stained with anti-Oct4 and anti-Nfkb antibodies (F). The inset shows a high magnification of Oct4+/Nfkb+
cells.The figure is representative of at least 4 different pigs grafted with cellularized CPC patch.
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Fig. 4: Presence of macrophages on cardiomyocytes surrounding the graft. Macrophages ( Ibal+) staining in RV
section of pigs grafted with cell-free patch (A) or CPC- patch (B) Yellow arrows point to macrophages. (C)
Immunofluorescence anti-lbal on RV section of pigs grafted with CPC-patches within the graft area (D) high
magnification of Ibal+ macrophage on cardiac fibers. The right inset shows a 3D image reconstruction of the image

revealing the position of the macrophage within the fiber.


https://doi.org/10.1101/2022.07.04.498652
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.04.498652; this version posted July 4, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

1

MATERIALS AND METHODS

Genetic modification of HUES cells and cardiac differentiation

H9 HUES cell line was electroporated with a human a-actin pEGFP-C2 MLC2v DNA
construct' and the clones selected using 100 ug/ml geneticin for 10 days.

Cells were differentiated as previously described?. Briefly, cells cultured on MEF were
stimulated with 10 uM ChIR9901 for 14hrs (overnight) and then for 24 hrs with 5 uM
ChIR9901 and 10 ng/ml BMP2, in RPMI medium supplemented with B27. The cells were
further incubated with IWR1 10 uM and BMP2 for 24hrs and then with 2.5 uM IWP4 with 10
ng/ml BMP2 and finally for one more day with 2.5 uM IWP4 and 10 ng/ml SHH. Cells were
then sorted using magnetic beads conjugated with an anti-CD15 antibody (clone MC-480)

(Kit easy step, Stem cell Technology).

Cell Transfection

Human cardiac fibroblasts were from Promocell, (France). Neonatal mouse cardiomyocytes
were isolated from 6 days old mice as previously reported® and isolated on a Percoll gradient.
Both cell types were transfected in Optimem (ThermoFisher, France) using Trans IT (Mirus

Bio) according to the manufacturer protocol.

Pig surgery and cell patch setting

All experiments were carried out according to the European Community guiding principles in
A surgical procedure mimicking repaired tetralogy of Fallot (rTOF) was performed on 18
Landrace male piglets of two months old to induce overloaded RV dysfunction. Briefly, an
enlargement of the RV outflow tract by a polytetrafluoroethylene patch, excision of one

pulmonary valve leaflet, and a pulmonary artery banding were performed through a left
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thoracotomy approach®. After 5 months (median: 145 + 22 days) of a combined pressure and
volume overloaded RV which leads to its contractile failure. A large patch composed of
collagen mixed with 10" cardiac Nkx2.5+ progenitors (CPC), gelatin and alginate
polymerized with 100 mM Ca2+ was sunk in a mold with the size of the RV. The patch was
surgically set on the epicardium through a right thoracotomy approach, to wrap the whole RV
free wall of 8 pigs (CPC group). A control group (n=6) included pigs which received a cell-
free patch. These patches are scalable and their stiffness (0.1 kPa) allowed an easy handling
for the surgeons. The patch remains stuck to the epicardium without any suture after closure
of the pericardium. Hydrocortisone (1mg/kg) was injected intravenously before closing to
reduce inflammation. All animals were immunosuppressed by Tacrolimus (daily 0.3 mg/kg of
Advagraft ®) from 10 days before cell therapy until euthanasia performed after a median
delay of 86 + 25 from cell therapy. Functional analysis was performed using RV
echocardiographic standard and strain parameters in all animals at each step of protocol: at
baseline before rTOF surgery, at 5 months before cell therapy and at 7 months at the end of

study.

Echocardiography

Echocardiography was performed on closed-chest animals under general anesthesia in dorsal
decubitus. We used commercially available Philips Epiq 7 ultrasound system with X5-1
matrix array transducer (Philips Healthcare) or a VIVID E9 ( General Electric Medical
System, Milwaukee, USA) equipped with a 2.5 Mhz (1.5-4.5) transducer. The values of all
echocardiographic parameters were obtained as the average value of three consecutive cardiac
cycles during transient apnoea. Measures were indexed to biological length (BL) or body
surface area (BSA), calculated using the formula®

BSAm = (Weightyg X Body Lengthem)®®/ 60
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BL=VBSA

Echocardiographic measurements were determined as previously described®.

In the parasternal long axis view, the RV anterior wall thickness and the ratio of RV/LV
diastolic diameters were measured using TM mode. In the apical four-chamber view, RV end-
diastolic and RV end-systolic areas were measured. This allowed the calculation of RV
fractional area change (FAC), defined as followed:

FAC (%) = ([RV end-diastolic area — RV end-systolic area]/RV end-diastolic area)*100.
Tricuspid Annular Plane Systolic Excursion (TAPSE) was measured as the maximal
excursion of the lateral annulus in the apical four-chamber view using M-mode recording
through the apex of the RV and the junction between the RV free wall and the tricuspid
annulus. Peak systolic velocity of S’wave (Peak S’) was measured at the lateral tricuspid
annulus using pulsed tissue Doppler imaging. From a parasternal short axis view, pulmonary
annulus diameter and transpulmonary gradient through the pulmonary band were both
measured by continuous-wave Doppler flow at the maximal pulmonary valve opening during
systole. The presence of a diastolic flow reversal of color Doppler flow in the main or the
branch pulmonary arteries was used to predict severe pulmonary regurgitation.

Among the echocardiographic measures, RV end-diastolic and end-systolic area, PA-
diameter, RV/LV ratio and the tricuspid/mitral (TM) valve diameter ratio reflected RV
dilation whereas the mean trans-pulmonary gradients were used to reflect the RV pressure
overload. Finally, FAC, TAPSE and Peak S’ represented overall RV systolic function.
Regarding the speckle tracking analysis, RV longitudinal deformation was measured
by standard 2D grey-scale acquisitions. The peak longitudinal strain (LS) values were
computed automatically, generating regional data from six segments of RV and an average
value for apical 4-chamber. The peak LS was also assessed by a semi-automatic contouring of

the endocardium of the free wall (FW), excluding the interventricular septum to minimize the
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influence of the interventricular dependence. The peak global RV FW strain was defined as
the average of the three FW segments. Peak LS is a negative value, but for ease of
interpretation in comparing serial LS values, we have expressed LS as an absolute value. All
images were recorded at a frame rate of 50-80 frames per second were stored for
postprocessing analysis with QLAB 10 CMQ (Philips) advanced quantification software

(EchoPAQ, 110.1.2 GE Healthcare, Horten, Norway)

Clinical status was evaluated daily during the study. Histologic analyses were performed on

each animal at the end of the procedure.

Histology, Immunofluorescence Antibodies
Histology and Indirect immunofluorescence were performed on free wall and HD-area frozen
sections. Fibrosis was stained by Sirius red (Sigma-Aldrich, France).
Immunofluorescence used anti-human nuclear KU80 antigen (Cell signaling Technology,
C48E7) or anti human mitochondria antibody (anti-CoxIV, abcam ab197491) to detect
human progenitor cells, anti-NKX2.5 ( R&D AF2444), anti-sarcomeric actinin (Sigma-
Aldrich clone E453), anti-NF«kB (Cell Signaling Technology, 8242), anti OCT4 ( Santa-Cruz
Biotechnology rabbit anti-Oct4). Anti-lbal antibody (GTX89792) was from GeneTex.
Genomic DNA was prepared from RV free wall and HD-area pieces using the
Wizard® Genomic DNA Purification Kit (Promega, France). Samples were submitted to
polymerase chain reaction analysis, to quantify the presence of human cells using
amplification of human ALU sequences. The negative control DNA was isolated from sham

RV pieces.

Real time PCR
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RNA was extracted from samples with a Quick RNA miniprep kit (Zymo Research, Ozyme,

France). QPCR was performed using the LightCycler® FastStart DNA Master PLUS SYBR

Green | kit and a light cycler 2.0 (Roche Life Science, France) as previously reported ’

The primers used were:

HuMMP-1-F CCTAGCTACACCTTCAGTGG
HuMMP-1-R GCCCAGTACTTATTCCCTTT
HUMMP-3-F AGCAAGGACCTCGTTTTCATT
HuMMP-3-R GTCAATCCCTGGAAAGTCTTCA
HuMMP-9-F TACCCTATGTACCGCTTCAC
HuMMP-9-R GAACAAATACAGCTGGTTCC
huTIMP-1F AGTCAACCAGACCACCTTATACCA
huTIMP-1R TTTCATAGCCTTGGAGGAGCTGGTC
huTIMP-3F ACGATGGCAAGATGTACACAGG
huTIMP-3R GGAAGTAACAAAGCAAGGCAGG
Sus Colla2- F GCACGTCTGGTTAGCAGA

Sus Colla2-R TGGTAGGTGATGTTTTGGGAC
Sus Col3al-F AGAGCGGAGAATATTGGGTTG
Sus Col3al-R CTTACGTGGAGTAGAAGGAC

Sus Postn-F GACGAGGGAAGAACGAATCA
Sus Postn-R TAAATGACCATCGCCACC

Sus Acta2-F CAGGCAGGATGTGTGAAGAA
Sus Acta2-R TCACCCCCTGATGTCTAGGA

Sus TGFb1-F TTTCTGGTGGGGAGACAGAC
Sus TGFb1-R CTCCCCTAGGCTGCTTTCTT
Regulations

All experiments were carried out according to the European Community guiding principles in
the care and use of animals (2010/63/UE, 22 September 2010), the local Ethics Committee
guidelines and the French decree n°2013-118 on the protection of animals used for scientific
purposes (JORF n°0032, 7 February 2013 p2199, text n°24). Authorization to perform animal
experiments according to this decree was obtained from the Ministére Frangais de

I’ Agriculture, de I’ Agroalimentaire et de la Forét (agreement N° B92-019-01).
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