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Abstract

Right Ventricular (RV) failure is the main prognostic factor in Pulmonary 
Hypertension (PH), and ventricular capillary density has been reported to be 
a marker of RV maladaptive remodeling and failure. Our aim was to determine 
whether intramyocardial administration of Endothelial Colony Forming Cells 
(ECFCs) can improve RV function and capillary density in a piglet model of 
Chronic Thromboembolic Pulmonary Hypertension (CTEPH). We compared 
three groups: Sham (n=5), CTEPH (n=6), and CTEPH+ECFC (n=5). ECFCs 
were isolated from CTEPH+ECFC piglet peripheral blood samples at baseline. 
CTEPH and Sham groups underwent intramyocardial administration of saline, 
while the CTEPH+EPC group received ECFCs at six weeks (T6). RV function, 
pulmonary hemodynamics, and myocardial morphometry were investigated 
in the animals at ten weeks (T10). Additional experiment has been performed 
to evaluate engraftment kinetics of ECFCs over 3 weeks. Following ECFC 
administration, there were no significant changes in pulmonary or cardiac 
hemodynamic parameters (RVFAC, mPAP and TPR). However, CTEPH+ECFC 
piglets had increased localized capillary density and a reduction in myocardial 
fibrosis (CTEPH 13.15% [11.36-18.49] vs. CTEPH+ECFC 8.94 [5.25-10.98], 
p=0.045). ECFCs were found in the RV free wall at 24h and one week after 
injection but not beyond. ECFCs intramyocardial administration did not improve 
RV function in a model of CTEPH as it induced focalized capillary density 
improvement at injection site. Intramyocardial route may not be the most 
effective way to deliver cell therapy to RV in PH.

Keywords: Stem Cell Therapy; Right Ventricle in Pulmonary Hypertension; 
Intramyocardial Administration

angiogenesis [4,5]. Therefore, in a previous study, we administered 
ECFCs through the right coronary artery into the RV [6]. This 
study showed improved right heart function, increased capillary 
density and decreased cardiomyocyte’s hypertrophy after ECFC 
administration. However, this route of administration led to poor 
cell retention as ECFCs were not found in the RV 4 weeks after their 
administration. Intramyocardial administration is known to induce a 
better retention of transplanted cells than the intracoronary one and 
is often associated with a greater impact on the pathology [7]. 

As a result, we aimed at investigating the effect of ECFCs 
intramyocardial administration on RV function and capillary 
density in a piglet model of Chronic Thromboembolic Pulmonary 
Hypertension (CTEPH). 

Materials and Methods
Chronic thromboembolic piglet model

Five-week-old large white piglets, weighing 20-22 kg, were 
included in the preliminary (n=1), the main study (n=18) and the 
additional one (n=1). The animals were randomly assigned to Sham 
or CTEPH groups. Briefly, the CTEPH model was established by 
ligaturing the left pulmonary artery followed by weekly embolization 
of the right pulmonary artery over a five-week period [8] (See 
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Introduction
Pulmonary Hypertension (PH) is characterized by the occlusion 

of the pulmonary vasculature, leading to an increase in pulmonary 
vascular resistance and resulting in a rise in Right Ventricle (RV) 
afterload. While the disease progresses, the RV shifts from an adaptive 
remodeling to a maladaptive one. Right ventricular function is the 
main prognostic factor in PH [1]. The maladaptive state is defined by 
a decreased capillary density observed in several animals models and 
in patients [2,3]. 

Endothelial Colony Forming Cells (ECFC) are good candidates 
for RV-targeted therapy since they promote vascular repair and 
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supplemental data for detail). 

A preliminary pilot study was undertaken using one CTEPH 
piglet in which ECFCs were administrated at six weeks (T6), and 
the animal was sacrificed 24h later. This preliminary study was 
undertaken to test the feasibility, to validate the injection protocol 
and to evaluate the ECFCs’ engraftment at 24h (Figure 1a). Eighteen 
piglets were included in the main study: 6 Sham, 6 CTEPH, and 6 
CTEPH+ECFC (Figure 1a). At T6, the animals in the CTEPH groups 
received intramyocardial injections of saline, whereas the animals 
in the CTEPH+ECFC group each received 10.106 ECFCs. On the 
RV, four sites were marked by stitches (Figure 1b) and 10 injections 
of 25µl each were performed at each site, resulting in a total of 40 
injections of 1ml of either saline or cell suspension. An additional 
experiment was set in place to evaluate the engraftment of the ECFCs 
after their administration. To do so, one Sham piglet received 2.5.106 
ECFCs (previously transfected by lentivirus to express GFP, See 
supplemental methods for details) weekly during 3 weeks and was 
sacrificed at the end of the fourth week. Biopsies were collected at 
each site to search for the presence of ECFCs 1, 2 and 3 weeks post 
administration.

No deaths related to infection of the surgical site were reported. 
There were no deaths in the CTEPH+ECFC group after ECFC 
administration, and two deaths in the CTEPH group after saline 

administration due to the severity of the disease. As a consequence, 
2 additional animals have been enrolled in the study to have 6 piglets 
per group.

ECFC harvesting
Peripheral blood samples of 100ml were collected from the 

CTEPH+ECFC piglets at baseline. An autologous cell-based 
therapy was established as the treated piglets received ECFCs 
isolated previously from their own blood. ECFCs were harvested by 
isolation of peripheral blood mononuclear cells (PBMC) by gradient 
centrifugation in Pancoll (Dutsher, Burmath, France), after which 
they were plated at a density of 50,000 cells/cm [9]. The PBMCs 
were maintained in endothelial basal medium-2 supplemented 
with EGM2 (Endothelial cell Growth Medium)-MV Single-Quots 
(containing hEGF, hydrocortisone, gentamicin, fetal bovine serum, 
VEGF, hFGF-B, R3-IGF-1, and ascorbic acid) (Lonza, Ermerainville, 
France) at 37°C in a 5% CO2 humidified incubator. After 8 to 15 days, 
cell colonies became visible and they were detached by trypsinization, 
followed by seeding at 10,000 cells/cm2 for expansion. 

ECFC administration 
Cell therapy administration was performed at T6 for the 

CTEPH+ECFC group. This time point was chosen because it has been 
proven in the study of Mercier et al. that chronic PH is developed 
in pigs 5 weeks after left PA ligature and weekly embolization [8]. 

Figure 1: (A) Study design. (B) Stitches on RV free wall to mark the localization of intramyocardial administration.
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Autologous ECFCs were resuspended in 1mL of saline solution in a 
syringe, and injected using 30G needle and a mesotherapy pistol to 
accurately deliver 25µl at each injection. Injection sites were marked 
beforehand in order to localize these areas at the time of RV biopsies 
sampling 4 weeks later. 

Hemodynamic assessment
Heart rate, mean Pulmonary Artery Pressure (mPAP), cardiac 

output, and central blood saturation were measured at baseline (T0), 
6 weeks (T6), and 10 weeks (T10). A pressure-volume loop analysis of 
the RV was performed at T6 and T10 with a conductance VentriCath 
507 (Millar Instruments, Houston, TX, USA). (See supplemental 
methods for details). 

Echocardiographic assessment
Transthoracic echocardiography (Vivid E9; GE Medical Systems 

Milwaukee, WI, USA) was performed at T0, T6, and T10. Right 
ventricular fractional area change (RVFAC) and the RV free wall 
strain were assessed.

Capillary density assessment in the RV
To assess the capillary density, RV samples were incubated with 

a rabbit anti-human CD31 (CD31 clone 1A10, 1:100, Diagomics, 
Blagnac, France) detected by ultraView Universal DAB Detection 
Kit (Ventana, California USA) staining with Benchmark GX (Roche, 
Boulogne-Billancourt, France). The capillary density was determined 
by the number of capillaries per mm2 in 10 fields of view for each 
animal at 400x (NIS-Element software, Nikon, Tokyo, Japan).

Cardiomyocyte area assessment in the RV
RV samples were incubated with wheat germ agglutinin (WGA-

AF488, Invitrogen, USA, 10µg/mL) and DAPI (1:10,000, Sigma-
Aldrich, Missouri, USA). The cardiomyocyte surface was determined, 
as previously described(10) using Image software in 10 fields of view 
for each animal at 630x (NIS-Element software, Nikon). 

Statistical analysis
Data from the three groups were compared with the Kruskal-

Wallis test, and the groups were compared two by two with the Mann-
Whitney test in case of a significant Kruskal-Wallis test. The results 
are presented as medians [Interquartile Range (IQR)]. Statistical 
analyses were performed using Prism 6 software (GraphPad® software, 
San Diego, California, USA).

Figure 2: (A) ECFC found in the RV 24h after their intramyocardial administration (anti-CD31 labelling). (B) Isolated GFP-ECFCs found in the RV 1 weeks after 
administration (anti-GFP labelling). GFP-ECFCs were also detected in the right upper lobe (C) and the spleen (D) 4 weeks after their administration.
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Results
Preliminary study 

The aim of the preliminary study was to evaluate the feasibility 
of right intramyocardial administration of ECFCs in piglets and to 
check that ECFCs were properly recovered in the RV tissue. A CTEPH 
piglet was sacrificed 24h after receiving 10.106 ECFCs through several 
intramyocardial injections. Immunohistological analysis revealed the 
presence of ECFCs in the RV myocardium (Figure 2a). 

ECFC engraftment
An additional experiment consisted in weekly administrations 

of ECFCs during 3 weeks to follow their engraftment week-by-week. 
Isolated GFP-ECFCs were found in the RV only one week after their 
administration (Figure 2b). These cells are in the RV myocardium. 
GFP-ECFCs were not detected in this tissue at 2, 3 and 4 weeks 
post administration. Some ECFCs were found in the spleen (Figure 
2c) and lung right upper lobe (Figure 2d) 3 and 4 weeks after their 
administration. 

Assessment at six weeks (T6) 
There was no significant difference in terms of body weight, body 

surface area, and hemodynamic data (mPAP, TPR, cardiac output, 
RFVAC, RV free wall strain) between the CTEPH and CTEPH+ECFC 
groups at T6 (data not shown). 

Events occurring during and after intramyocardial 
administration

During intramyocardial administration, one event of fibrillation 
occurred in a piglet receiving ECFCs and required intensive care. 
Furthermore, tamponade happened in one piglet after saline solution 
injection. In both cases, adverse events were rapidly identified 
and successfully managed. For ethical reasons, 2 piglets had to be 
sacrificed at 3 and 5 days after administration of saline solution 
because of the severity of the disease. They showed serious symptoms 
of right ventricular dysfunction and a strongly altered pulmonary 
hemodynamic (TPRi was 1488 dynes.s.cm-5 and 2074 dynes.s.cm-5; 
and mPAP 54 mmHg and 52 mmHg). 

RV function and pulmonary hemodynamics 
At T10, RVFAC was not significantly different between the three 

groups (Sham 35.37% [34.15-50.76], CTEPH 31.83% [29.1-55.86] 
and CTEPH+ECFC 37.87% [25.69-50.87]). There were no difference 
either for RV free wall strain (Sham -21.08 [-23.77- -18.19], CTEPH 
-25.54 [-31.44- -18.08] and CTEPH+ECFC -27.26 [-29.25 - -21.94]). 
In regard to pulmonary hemodynamics, both the mPAP and the 
TPR indexed to the body surface area remained significantly lower 
in the Sham group compared to both the CTEPH group and the 
CTEPH+ECFC group (mPAP: 13mmHg [8.25-15.5], 26mmHg 
[20.5-33.75], and 27mmHg [22.75-33.5], respectively, Sham vs. 
CTEPH p=0.0136 and Sham vs. CTEPH+ECFC p=0.0081 ; TPR: 
280 dynes.s.cm-5 [204.1-347.6], 570.3 dynes.s.cm-5 [504.5-680.3], and 
707.3 dynes.s.cm-5 [522-1246], respectively, Sham vs. CTEPH p=0.045 
and Sham vs. CTEPH+ECFC p=0.0062). These hemodynamic 
parameters did not significantly differ between the CTEPH group and 
CTEPH+ECFC group (for mPAP: p>0.999 and for TPR: p>0.999) 
(data not shown). 

RV and lung morphometry 
The cardiomyocyte surface area was not different between the 

three groups (Sham 210.1µm² [200.6-268.4], CTEPH 235.5µm² 
[210.9-258.5] and CTEPH+ECFC 219.3 µm² [147.7-337.7]). The 
pulmonary artery media thickness in the RUL was greater in the 
CTEPH group (64.35% [58.51-66.51]) and the CTEPH+ECFC 
group (63.72% [53.97-69.78]) compared to the Sham group (25.11% 
[23-27.42]), (CTEPH vs. Sham p=0.0148, CTEPH+ECFC vs. Sham 
p=0.0074), while there was no significant difference between the 
CTEPH and the CTEPH+ECFC animals (p>0.999) (data not shown). 

RV capillary density
After ECFC administration, localized increase in capillary 

density was revealed by CD31 immunohistochemical analysis 
(Figure 3a). Indeed, clusters with increased capillary density were 
observed. The comparison of the 3 groups revealed a higher capillary 
density (capillary/mm²) in the CTEPH group (189.7 [173.5-225.3]) 
and CTEPH+ECFC group (208.7 [181.6-253.3]) compared to the 
Sham group (134.6 [128.6-142]) (CTEPH vs. Sham p=0.0175 and 
CTEPH+ECFC vs. Sham p=0.0062) (Figure 3b). There was no 
significant difference between CTEPH+ECFC and CTEPH regarding 
the overall capillary density (p>0.999). 

RV fibrosis
Red Sirius analysis showed a general increase in fibrosis in the 

CTEPH group (13.15% [11.36-18.49]) compared to the Sham group 
(8.45% [5.55-10.46]) (p=0.0284). Interestingly, the fibrosis was lower 
in the CTEPH+ECFC group (8.94% [5.29-10.98]) compared to 
CTEPH group (p=0.045). There was no significant difference between 
the Sham group and the CTEPH+ECFC group (p=0.66) (Figure 3c). 
In this case, unlike capillary density, the decreased fibrosis in the 
CTEPH+EPC group is general and not present in the form of cluster. 

Discussion
We first set in place a preliminary study to evaluate the safety 

and the feasibility of the method because it is an invasive one. This 
preliminary study allowed validation of our technic of administration. 
Indeed, we used it to ensure that ECFCs were well administered in 
the myocardium. After observing that ECFCs were injected into the 
RV, we began the main study. Four weeks after ECFC administration 
an increased capillary density in the area of injection and a general 
decrease of fibrosis were observed. However, no hemodynamic and 
RV function improvements were noticed.

In this study, 2 piglets were lost after intramyocardial injections 
due to the severity of the disease. Furthermore, 2 adverse events 
occurred during injections (ventricular fibrillation and tamponade). 
In a previous study we administered ECFCs in CTEPH piglets through 
the intracoronary route and had no adverse event reported [6]. Based 
on these results, we can state that intramyocardial administration 
has a higher risk and invasiveness than the intracoronary route of 
administration for the CTEPH piglet model. However, a clinical trial 
administering mesenchymal stromal cells through transendocardial 
injection in patients with severe ischaemic heart failure observed 
no side events and stated that this route of administration was safe 
[11]. Furthermore, in another study, van der Spoel et al. observed 
no differences in safety profiles between transendocardial and 
intracoronary cell injection [12]. However, transendocardial route 
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cannot be directly compared to intramyocardial administration, 
because the first one is percutaneous and the second one requires an 
invasive surgical procedure. Transendocardial administration may 
be less invasive and less lethal than the intramyocardial one due to 
the percutaneous access. As a result, if an intramyocardial injection 
is intended, the transendocardial route seems less invasive and safer 
than the epicardial one. Nevertheless it is likely that this route of 
administration would not have improved our results, because the 
administration would still be localized in clusters. 

The histological analysis 24h after ECFC administration showed 
clusters of cells entering the myocardium along the needle route 
attesting that the administrations were localized in the tissue. Four 
weeks after the injections, localized areas of increased capillary 
density were observed in the RV. However, we did not observed a 
general increase in capillary density in the RV. It is important to 
highlight that even if there is no sustained ECFC engraftment, a 
localized effect was observed. In contrast, Kawamoto et al. observed an 
increased capillary density in the left ventricle after transendocardial 
administration in a pig model of myocardial ischemia [13]. Our 
observation may be explained by two hypothesis. First, we did not 

observe a general increase in capillary density because we had already 
an increased capillary density in this CTEPH model as compared to 
the Sham animals. The lack of a decreased capillary density in our 
model, like in the RV of PH patients, is one of the major limitation 
of our study. There may be a slight increase in capillary density after 
ECFC administration that we were not able to quantify. The second 
hypothesis is that we did not inject the optimal cell dose (i.e. number 
of cells/injection or number of injections). In this study 10.106 ECFCs 
were administered per piglet. The other studies that administered 
stem cells in the myocardium through direct intramyocardial 
injections used a highly variable number of cells (from 5.106 to 8.108) 
[14]. However, studies that used increasing doses of cells have come 
to different conclusions. Some showed a beneficial effect only when a 
high dose of cells was administered while others found a reverse dose-
response: the highest doses are the least effective [15,16]. It appeared 
that the concentration of the cells during administration rather than 
their number affected the cardiac tissue [17,15]. Finally, these studies 
were targeting the left ventricle whereas we worked on the RV. These 
two ventricles are slightly different and can lead to different results. 

A decrease in fibrosis was noticed after ECFC administration. 

Figure 3: (A) Cluster of higher capillary density in the RV 4 weeks after ECFC administration. (B) CD31 labelling showed a higher capillary density in both CTEPH 
and CTEPH+ECFC groups compared to the Sham group. (C) Red Sirius staining revealed an increased fibrosis in the RV of CTEPH piglets compared to the Sham 
group. Fibrosis is decreased in the CTEPH+ECFC group.
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Other studies observed this effect after ECFC administration in 
different animal models of myocardial dysfunction [13,18,19]. 
However, none of them described the pathway through which ECFC 
succeeded in reversing myocardial fibrosis. Fibroblast Growth Factor 
(FGF) secreted by ECFCs may be an explanation [20]. Hu et al. 
observed that the treatment of mice with FGF16 attenuated interstitial 
fibrosis in response to myocardial infarction [21]. However, it seems 
that the effect of FGFs on cardiac fibrosis depends on the type of FGF 
and potentially the model of injury [22]. 

As stated above, we observed a localized increase in capillary 
density and a general decrease of fibrosis after ECFC intramyocardial 
administration. These two observations seem contradictory but we 
can hypothesize that the localized increased capillary density allowed 
a better diffusion of the factors secreted by the administered ECFC. 
These secreted factors could exert their effect in the tissue in a diffuse 
way, resulting in a general decrease of fibrosis. 

The histological analysis 24h after ECFC administration revealed 
clusters of cells entering the myocardium which showed that the 
administration was localized in the tissue. In addition, we observed 
a localized improvement of capillary density. A clinical trial pointed 
that cells administered through transendocardic route had only an 
effect at the injection sites [23]. The right ventricular dysfunction in 
PH does not seem localized on specific areas of the RV and is rather 
a general dysfunction. In this study, it seems that the injections were 
too localized in view of the general dysfunction of the RV. That may 
be why no improvements had been observed in RV function. As a 
result, it seemed that the intramyocardial ECFC administration did 
not induce a significant improvement of the right ventricular function 
in CTEPH. However, this route of administration is beneficial in the 
case of localized dysfunction such as the ones that appeared in the 
left ventricle after myocardial infarction. Indeed, in this case, the 
intramyocardial administration of stem cells in the ischemic area or 
in the ischemic border can overcome the deleterious effects of the 
infarction [11]. 

After observing no significant effect on RV function, an 
additional study was performed to evaluate the ECFCs engraftement 
over time. Histological analysis reveal the presence of GFP-ECFCs 
only one week after their administration. None of the ECFCs injected 
were found in the RV beyond one week. Even if intramyocardial 
administration leads to a better cell retention than the intracoronary 
delivery, the retention remains low (7). Administering cells using 
a needle lead to a significant cell loss that could be attributed to 
different parameters : the trypsinization, the passage of the cells 
through the needle, the inflammation caused by the needle at the 
injection site and the damaged tissue where they are administered 
result in a low cell survival [24,25]. Furthermore, a study showed that 
cells are rapidly wash out from the myocardium through the venous 
system after intramyocardial administration [26]. This observation 
can explain the fact that after 4 weeks ECFCs were found in the RUL 
and spleen in our study.

In this study, as we verify that the ECFCs were well administered 
in the targeted RV, it seems that these cells triggered a local increase 
in capillary density. However this local effect was too weak to lead to 
a general improvement in RV function. 

Conclusion 
Intramyocardial cell administration is invasive, requires a lot of 

stem cells and did not lead to an improved cardiac function in our 
study. As a result, the benefit/risk ratio of ECFCs intramyocardial 
administration in the RV of CTEPH piglets seems to be inefficient. 
Thus, this route of administration may not be optimal for RV in PH. 
The use of endothelial progenitor cells is promising but requires 
improvements of the route of administration. The use of biomaterial 
may be more efficient than intracoronary or intramyocardial ones 
and should be further studied.
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