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Abstract

Pulmonary arterial hypertension (PAH) is an incurable disease characterized by an increase in pulmonary arterial pressure due to
pathological changes to the pulmonary vascular bed. As a result, the right ventricle (RV) is subject to an increased afterload and
undergoes multiple changes, including a decrease in capillary density. All of these dysfunctions lead to RV failure. A number of
studies have shown that RV function is one of the main prognostic factors for PAH patients. Many stem cell therapies targeting the
left ventricle are currently undergoing development. The promising results observed in animal models have led to clinical trials that
have shown an improvement of cardiac function. In contrast to left heart disease, stem cell therapy applied to the RV has remained
poorly studied, even though it too may provide a therapeutic benefit. In this review, we discuss stem cell therapy as a treatment for
RV failure in PAH. We provide an overview of the results of preclinical and clinical studies for RV cell therapies. Although a large
number of studies have targeted the pulmonary circulation rather than the RV directly, there are nonetheless encouraging results in
the literature that indicate that cell therapies may have a direct beneficial effect on RV function. This cell therapy strategy may
therefore hold great promise and warrants further studies in PAH patients.
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right ventricle (RV) failure, one can hope that the next dec-

Intreduction ade will see new therapeutics that specifically target the RV.

Despite significant advances in terms of its medical manage-
ment, pulmonary arterial hypertension (PAH) remains an
incurable condition that requires a lung or a heart and
lung transplantation when refractory right heart failure
occurs. It is well-known that right ventricular function is
the main prognostic risk factor in PAH." Although stem
cell therapies targeting the left ventricle (LV) are proving
to be promising therapies in animal models, the results of
recent multicenter trials with humans have been mixed.” The
promising results observed in animal models led to clinical
trials in adults that have shown improvements in regard to
LV function, infarct size, and cardiac remodeling.** Hence,
in light of the increased relevance of the pathophysiology of

In contrast to left heart disease, stem cell therapy applied
to the RV has not been studied much, despite indications
that it may be a viable therapeutic option. This review
focuses on stem cell therapy as a treatment for RV failure
in PAH.
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Pathophysiology of right ventricle failure

PAH is defined by the World Health Organization as pre-
capillary pulmonary hypertension with a mean pulmonary
arterial pressure (mPAP)>25mmHg.’ PAH affects an esti-
mated 15-60 individuals out of a million.> It is character-
ized by a progressive increase in pulmonary vascular
resistance (PVR) and vascular remodeling, with ensuing
right heart failure and early death when it goes untreated.’
RV function is the main prognostic factor in PAH.®
Pathobiological changes in the pulmonary vascular bed
are characterized by intimal hypertrophy, adventitial

Reduced RCA
perfusion pressure

remodeling, smooth muscle hypertrophy, in situ vasocon-
striction, and thrombosis. All of these changes increase
PAP, which in turn induces a rise in pulmonary arterial
resistance. As a result, the RV is subject to an increased
afterload and it has to pump blood more intensely to meet
the oxygen demands of the body.” RV remodeling changes
from an adaptive to a maladaptive phenotype as the disease
progresses. The RV first undergoes an increase in wall thick-
ness and contractility so as to maintain a normal cardiac
output and ventriculo-arterial (VA) coupling. This compen-
satory state is called adaptive RV remodeling. As the PAH
deteriorates, the RV remodeling shifts from an adaptive to a
maladaptive state that includes RV dilatation, decreased
contractility, and VA uncoupling (Fig. 1).'!"" Ultimately,
patients present with end-stage RV failure that leads to
death. Numerous studies have shown that survival correl-
ates with RV function.'?

The shift from an adaptive to a maladaptive state is not
well understood at present. RV remodeling depends on
many factors including neurohormonal activation, myocar-
dial metabolism, myocardial perfusion, genetic factors,
inflammation, and alteration of the extra-cellular matrix
(ECM) (Fig. 2)."" Unlike adaptive remodeling, maladaptive
RV remodeling is characterized by dilatation, decreased car-
diac output, VA uncoupling, and a high mortality rate. At
the cellular level, maladaptive RV remodeling is associated
with decreased angiogenesis, increased fibrosis, metabolic
changes, and dysregulation of the autonomic nervous
system.'® Although it is a poorly understood process, it
appears that the transition from adaptive to maladaptive
RV remodeling is a continuum that ultimately leads to
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end-stage heart failure. A decrease in ventricular capillary
density has been found in various PAH animal models and
in humans at the stage of maladaptive remodeling or heart
failure.'*!'> A degree of RV ischemia in patients suffering
from PAH was first shown by Gomez et al. in 2001 using
myocardial scintigraphy, and it correlated with the hemo-
dynamic severity and the RV end-diastolic pressure.'® Using
the monocrotaline (MCT) rat model of PAH, Sutendra et al.
also found that the transition from adaptive to maladaptive
RV was associated with a decrease in VEGF, myocardial
SDF1 levels, and RV capillary density.!” Pathological exam-
ination of the RV of PAH patients has confirmed these
findings, revealing a decrease in capillary density compared
to a control group.'

Although RV failure is the main cause of mortality in
PAH, it has been shown to have a tremendous capacity to
reverse the remodeling when the afterload is removed, as
seen following pulmonary transplantation.'® Plasticity is
one of the key differences in the pathophysiology of RV
and LV failure. Several studies have highlighted the role
of myocardial ischemia as one of the leading causes of RV
failure in PAH patients.!” Even though the mechanisms
leading to decreased RV perfusion in PAH have not been
entirely elucidated, we believe that targeting angiogenesis in
the RV myocardium appears to be a promising approach to
improve its function. The use of stem cells as therapeutic
agents could, hence, represent a new treatment option for
PAH. Thus, while there are no stem cell therapies at present
that target the RV in PAH, studies in this regard that are
focused on the RV in PAH are clearly warranted.

Stem cells for right ventricle therapy

Given the nature of the pathophysiology of PAH induced
by RV failure, the stem cells should ideally be readily

available, immuno-compatible, proangiogenic, and anti-
inflammatory. Of note, several cell types have already
been evaluated for PAH treatment targeting the pulmonary
circulation, although the RV has so far not been directly
targeted.

Mononuclear stem cells

Umbilical cord blood (UCB) is a readily available source of
stem cells, such as mononuclear stem cells (MNC). MNC
can readily be isolated from UCB by Ficoll density gradient
centrifugation.'” UCB hence represents a promising source
of cells for proangiogenic therapies. An MNC fraction iso-
lated from UCB has been shown to exhibit pericyte-like
function: they acted as proangiogenic mural cells by sup-
porting endothelial progenitor cell (see below) network for-
mation in vitro.>® These are the two vascular cell types
required for stable microvessel formation.?! UCB-MNC
also have antifibrotic and proangiogenic potential in
vivo.?> Given that MNC comprise many different cell types
(Fig. 3), determining which cell type is responsible for a
potential beneficial effect is a challenge. UCB is currently
the most prevalent available source for stem cells.”
However, it is an allogenic source (unless the cells are
derived from matched samples harvested at the time that
the individual was born), which is a significant limitation
for its use.

Most studies of MNC to date have used UCB-derived
MNC (UCB-MNC). Cantero Peral et al. have demonstrated
that RV epicardial injection of autologous UCB-MNC in
piglets is safe and feasible. Indeed, there were no significant
cardiac injuries caused by the injection, as measured by car-
diac troponin T levels and the absence of arrhythmias.>* In a
chronic RV volume overload model, Yerebakan et al.
showed that epicardial UCB-MNC injection improved RV
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diastolic function and increased capillary density within the
area of the cell injection.”> Moreover, in a pulmonary artery
banding murine model, UCB-MNC injections led to
improvement in RV structure and function, reduction in
RV fibrosis, and an increase in angiogenesis biomarkers.?
Lastly, in an ovine model of RV training, epicardial
UCB-MNC injections improved diastolic and systolic RV
functions.?®

Mesenchymal stromal cells

Mesenchymal stromal cells (MSC) can be isolated, for
example, from bone marrow (BM), umbilical cord
Wharton’s jelly, placenta, adipose tissue, and muscle
(Fig. 4). These multipotent stromal cells can differentiate
into a variety of cell types including osteoblasts, chondro-
cytes, and adipocytes. They express cell surface markers
such as CD73, CD90, and CDI105 and they lack surface
expression of CD31, CDI14, CD24, and CD45.27 MSC
have the ability to migrate to injured lung tissue where
they secrete angiogenic (VEGF), anti-apoptotic (Bcl-2),
and anti-inflammatory factors (IFN, IL-10, VEGF, and
HGF).?® In normal or hypoxic conditions, they secrete fac-
tors that stimulate endothelial cell chemotaxis and adhe-
sion.”” The immune tolerance of MSC is an important
feature that makes them very suitable for clinical use.*
Given their proangiogenic and cytoprotective effects due
to the release of paracrine factors, MSC are attractive can-
didates for RV cell therapy in PAH. They may in fact
increase capillary density and protect cardiomyocytes from
hypertrophy and fibrosis. Last but not least, their immuno-
modulatory properties make them particularly attractive for
stem cell therapy.®' However, the properties of MSC as well
as the effectiveness of their isolation can vary depending on
the tissue of origin.*

It has been demonstrated that intravenous injection of
BM and UCB-derived MSC improved right ventricular
hypertrophy (RVH) and right ventricular ejection fraction
(RVEF) of MCT-induced PAH rats.**** A decrease in the
RV to LV +septal weight ratio after MSC injection was
observed in a model of overflow-induced PAH as well.
The use of human embryonic stem cell-derived (hESC)
MSC yielded better results compared to adult BM-MSC in

Re| ramin i
Human fibroblasts prog g IPS cells

Differentiation

terms of the improvement of RVH and right ventricular
systolic pressure (RVSP) of intravenously injected MCT-
induced PAH rats.’® Lastly, similar results have been
reported for intratracheal administration.”’

Kanki-Horimoto et al. intravenously administered MSC
overexpressing eNOS in MCT-induced PAH rats. They
found that the RVSP and RV/body weight were lower in
the MSC/eNOS group than in the MSC control group.®®
Another study used MSC expressing heme oxygenase-1
(HO-1), which is known to have protective function and
to restore homeostasis in many diseases. Intravenous injec-
tion of MSC expressing HO-1 in a chronic hypoxia-induced
PAH model resulted in normal RVSP and a significant
reduction of RVH.** Kang et al. intravenously injected
MSC primed with a factor that sensitized the stem cells to
a chemotactic gradient in MCT-induced PAH rats. Their
study revealed that primed MSC were better than human
umbilical cord blood-derived non-primed MSC.*°

It should be pointed out that we have only reported results
regarding the RV. All of the studies were designed to treat
pulmonary circulation, and they showed an improvement in
lung injury, thus suggesting that MSC may be a promising
therapeutic option for PAH. However, whether the improve-
ment of RV function was due to a direct effect of the cell
therapy or the decrease in pulmonary resistance remains an
unanswered question. The RV has never been directly targeted
by intravenous MSC administration, except in the setting of
congenital heart defect (CHD) models. Indeed, intracoronary
administration of MSC in a CHD model showed stabilization
of right ventricular distolic pressure (RVDP) and RVSP after
the treatment.*!

Furthermore, as MSC have beneficial effects on endothelial
progenitor cells (EPC), their co-injection allowed for the for-
mation of a more developed vascular network than with either
MSC or EPC alone.* As a result, it may be interesting to
administrate MSC in combination with EPC in a PAH or
CHD model to see whether this results in a greater benefit.

Endothelial progenitor cells

Endothelial progenitor cells (EPC), first described by
Asahara et al. in 1997, are a circulating, BM-derived cell
population. Asahara et al. found that mononuclear blood
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Fig. 4. Mesenchymal stem cell isolation. Mesenchymal stem cell can be isolated from various tissues such as bone marrow, muscle, placenta,

umbilical cord, or adipose tissue.
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cells isolated from human peripheral blood expressing
CD34 + or vascular endothelial growth factor receptor-2
(VEGFR-2) could differentiate into endothelial cells.*?
EPC can be isolated from peripheral blood, UCB or from
BM. One method for identifying EPC is based on the
expression of various protein markers on the cell surface.
There is no single specific marker for identifying EPC. The

Table 1. Shared markers between HSC, CEC, and EPC.

Circulating cells Phenotype

Hematopoietic stem CD34+, CD45+, CDI133+4, KDR+

cells (HSC)
Circulating endothelial CD34+, CD45—, CD133—, KDR+,
cells (CEC) CDl146+, CD31+4, vWf+
Endothelial progenitor CD34+, CD45—, CD133+, KDR+,
cells (EPC) CDI14—, CDI46+

first markers used to identify EPC, as defined by Asahara,
were CD34 and VEGFR-2. Currently, in order to be defined
as EPC, the cells must express a set of distinguishing mar-
kers, while they also share common markers with hemato-
poietic stem cells (HSC) and circulating endothelial cells
(CEC) (Table 1). This is why other characteristics are
required to define cells as EPC, such as specific phenotypic
and functional properties including the formation of tubular
structures® and their ability to migrate in response to sti-
muli (e.g. VEGF, SDF-1).%

EPC can be divided into three subpopulations: colony
forming unit Hill (CFU-Hill); early outgrowth; and late out-
growth EPC (Table 2 and Fig. 5). All of these are inducers
of angiogenesis, either as result of their ability to repair
damaged vessels and to generate of neo-vessels or by their
release of paracrine factors that stimulate vascular repair
and regeneration.*® EPC subpopulations exhibit differences
in their capacity to induce angiogenesis.*” *’ Hence, there is
a need for a clear definition of the subpopulation that is used

Table 2. Different types of EPC (EPC can be subdivided into early and late EPC).

Early EPC

Late EPC

Types of endothelial progenitor  Colony forming unit-Hill (CFU-

cells Hill)

Markers CD34+, CD31+, CD45+, KDR+
Origin Hematopoietic cells

Properties Do not proliferate but express

paracrine factors

Circulating angiogenic cells Endothelial colony forming cells

(CAC) (ECFC)
CD34+, CD31+, CD45+, KDR+  CD34+, CD31+, CD45-, KDR+,
CD 44+, vWf+

Hematopoietic cells Endothelial cell

Participate to angiogenesis
through secretion of para-
crine factors. Do not incor-
porate into vasculature and
do not differentiate into
endothelial cells

Participate to angiogenesis
through differentiation into
mature endothelial cells and
incorporation into new
vessels
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in order to analyze and compare the results of studies of
EPC therapy. Late EPC, also called endothelial colony
forming cells (ECFC),” can differentiate into specialized
endothelial cells in the presence of appropriate stimuli.”’
Hence, ECFC can repair damaged vessels or create new
vessels.”>>* They can also release paracrine factors involved
in angiogenesis.” Consequently, EPC appear to be good
candidates for potential RV-targeted cell therapy in PAH.
However, it should be kept in mind that, aside from a degree
of controversy regarding their definition, isolation of adult
EPC from peripheral blood does not yield enough cells for
stem cell therapy. They need to be expanded in culture for
several weeks in order to yield enough cells to provide a
potential beneficial effect in PAH patients. Isolation of
EPC from UCB yields considerably more EPC than is the
case for adult blood, and these cells are fully functional.>®
However, since EPC cells are allogenic, their potential
immune rejection needs to be given due consideration. At
last, there is a lack of identification of the type of EPC
making studies’ conclusions hard to compare and translate
to clinical practice.

Over the years, there have been many studies involving
administration of autologous EPC as a treatment for PAH.
However, there has been no consensual definition of EPC and
the authors did not specifically target the RV in these studies.

Yip et al. observed a decrease in RVSP and RVH fol-
lowing intravenous tail vein injection of autologous BM-
derived EPC in MCT-induced PAH rats.’” Xia et al. simi-
larly obtained positive results with EPC that were isolated
from blood donors and injected into MCT-induced PAH
nude rats.>® Mirsky et al. injected CFU-Hill EPC into the
tail vein, and they found no beneficial effect on MCT-
induced PAH rats. They did not find cells in the lungs
and the CFU-Hill EPC had low angiogenic capacities,
which may explain these disappointing results.”® In the
study by Ormiston et al., early EPC rather than late
EPC were able to prevent an MCT-induced increase in
RVSP and RVH. Early EPC prevented PAH through an
immune-dependent mechanism due to the production of
anti-inflammatory cytokines.®

Others have produced engineered EPC that either secrete
prostacyclin® or endothelial nitric oxide synthase (eNOS),*
which are strong pulmonary vasodilators. In both cases,
engineered EPC, injected into the jugular vein of MCT-
induced PAH rats, were more effective than control EPC
in decreasing RVH and RVSP.

The combination of EPC with PAH drug therapies has
also been studied. In MCT-induced PAH rats, EPC and
sildenafil (a phosphodiesterase 5 inhibitor)®® or cilostazol
(a phosphodiesterase 3 inhibitor)®* were effective in limiting
the progression of PAH and they were more effective than
EPC alone in attenuating RVSP and RV weight in MCT-
induced PAH rats.

These results indicate that EPC may have a beneficial
effect on the RV in animal models of PAH. However, the
RV was not directly targeted and, as the lung circulation

was the main target, the authors did not search for EPC
in the heart. As a result, there is no way to know whether
the beneficial effects observed on the RV were a direct effect
of the injected stem cells or whether these were because the
stem cells induced an improvement in the pulmonary vascu-
lar disease. However, EPC appear to have a beneficial effect
on pulmonary microvascular disease as all of the studies
demonstrated improvements in pulmonary hemodynamics,
the number of alveolar sacs and arterioles, and pulmonary
microvessel thickening.

Cardiac progenitor cells

Cardiac progenitor cells (CPC) are a heterogenous group
of cells identified in adult heart; and they are characterized
by the expression of ¢-Kit, Sca-1, and SSEA-1. The thera-
peutic potential of CPC has already been documented for
myocardial infarction (MI).®> They are thought to stimu-
late cardiomyocytes and vascular cell transdifferentiation,
as well as secretion of paracrine factors that promote neo-
vascularization and activation of endogenous CPC.%¢
These properties could be beneficial to the RV in PAH
by causing an increase in capillary density and by activat-
ing the production of ‘“‘efficient” new cardiomyocytes.
However, adult CPC isolation is an invasive procedure
as these cells are isolated from the patient’s heart tissue.
On the other hand, although the use of embryo-derived
CPC raises cthical issues, these can be circumvented by
the use of autologous iPS cells (see below). Lastly, CPC
include a large population of different cell types,°® which
makes it difficult to determine the one that will prove to be
the most efficient. Similar to EPC, a clear identification
and characterization of the cells used are crucial to discuss
the results of studies.

In addition to CPC, cardiosphere derived cells (CDC) are
an option, and they can be obtained from adult human
biopsies. Explants are plated and the outgrowth cells derived
from them self-assemble into cardiospheres that yield CDC
once replated.®”-*® Recent studies have shown that exosomes
released from human CDC are cardioprotective. They have
been shown to inhibit apoptosis, promote cardiomyocytes
proliferation, and enhance angiogenesis by secretion of
paracrine factors.®”’° In vivo, CDC administration in pigs
with acute MI reduced the number of apoptotic cardiomyo-
cytes in the infarct border zone and scar, decreased fibrosis,
and increased vessel density. Thus, they can enhance left
ventricular function by contributing to tissue repair. These
results indicate that CDC can inhibit cardiomyocyte death
after MI, thereby providing a degree of cardioprotection,
while they can also confer long-lasting functional benefits
for up to two months.”!

CDC were tested clinically in the CADUCEUS trial
(Cardiosphere-Derived Autologous Stem Cells to Reverse
Ventricular Dysfunction), which examined the safety and
efficacy of intracoronary autologous administration of
CDC in patients with LV dysfunction after MI. The
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administration of CDC did not lead to significant safety
issues and it resulted in decreased infarct scar size and
improved LV function at one year post treatment.®’
Moreover, the phase 1 of the ALLSTAR trial
(ALLogeneic Heart STem Cells to Achieve Myocardial
Regeneration), which included MI patients, showed that
intracoronary infusion of allogeneic CDC is safe, with min-
imal or no discernible immune reactions. The phase II trial
will compare intracoronary CDC to a placebo in 120
patients.”” These findings suggest that exosomes from allo-
geneic CDC can be safely used in clinical applications. As
for CPC isolation, CDC isolation requires heart explants
and it is hence an invasive procedure.

Ischemic heart disease is associated with loss of cardio-
myocytes, ultimately leading to pump failure in MI
patients.”® The use of CPC or CDC as stem cell therapies
could prove to be useful to prevent cardiomyocyte apoptosis
and fibrosis. To our knowledge, cardiomyocyte apoptosis
has not been reported in PAH RV failure so far.
Consequently, it is not clear whether using CPC or CDC
in RV failure in PAH is relevant. However, this could none-
theless still be useful to reverse fibrosis and to increase
angiogenesis in the dysfunctional right ventricle.

The safety and feasibility of epicardial administration of
human embryonic stem cell-derived CPC were assessed in a
pig model mimicking RV volume overload of tetralogy of
Fallot. Animals receiving cell therapy exhibited a decrease in
RV fibrosis that did not lead to an improvement of the RV
dysfunction observed in this model. None of the adminis-
tered cells could be found in the myocardium. Given that
these were human cells, immune rejection may have
occurred. It is also possible that the hypoxic environment
of the grafted cells affected CPC survival.”*

Adipose-derived stem cells

Adipose-derived stem cells (ADSC) can readily be isolated
from white adipose tissue by liposuction and they are suit-
able for autotransplantation.”” ADSC have wound healing
potential as result of their ability to secrete angiogenic and
anti-apoptotic growth factors such as granulocyte—
macrophage colony-stimulating factor, VEGF, hepatocyte

Differentiation
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growth factor (HGF), basic fibroblast growth factor
(bFGF), and TGF-a.”® ADSC can promote angiogenesis
in models of hind limb ischemia by undergoing differenti-
ation into endothelial cells which are incorporated into the
walls of newly formed vessels and by secretion of paracrine
factors.””’® Nagata et al. compared ADSC isolated from
subcutaneous, visceral, cardiac, and subscapular adipose tis-
sues of mice, and they showed that the ADSC isolated from
cardiac adipose tissue, when administered in a mouse MI
model, proliferated better, while they also had the highest
cardiac functional recovery and the highest rate of recruit-
ment to ischemic myocardium. In fact, these cells had the
potential to differentiate into cardiovascular lineage cells
such as cardiomyocytes, endothelial cells, and vascular
smooth muscle cells.”” Moreover, a phase I clinical trial of
ADSCs has been conducted in patients with ischemic car-
diomyopathy (PRECISE trial) to examine safety and feasi-
bility, and it revealed significant improvements in left
ventricular mass and a reduction of ischemia.®
Consequently, ADSC appear to be a good choice of stem
cells to treat the RV in PAH as, in addition to being autolo-
gous, plentiful, and readily obtainable, they can induce
angiogenesis without undergoing apoptosis.

The use of ADSC in MCT-induced PAH rats has been
shown to improve pulmonary vascular remodeling and to
decrease RVH.®' Moreover, ADSC transduced to express
cyclooxygenase-1 have been shown to attenuate
MCT-induced PAH and RVH.%

iPS derived cells

In 2006, Takahashi and Yamanaka demonstrated that it
was possible to induce pluripotent stem cells from mouse
embryonic or adult fibroblasts using a combination of spe-
cific factors. These cells are known as induced pluripotent
stem (iPS) cells.®* The generation of cardiomyocytes, endo-
thelial cells, or smooth muscle cells from human iPS requires
three steps: reprogramming of human fibroblasts into iPS;
differentiation of iPS into the desired cell type; and purifi-
cation and transplantation of these iPS-derived cells (Fig. 6).
As several hundred million cells are required for cardiac
regenerative therapy, an efficient method of production is
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Fig. 6. Generation of cell derived iPS for cardiac regenerative therapy. The reprogramming of adult fibroblasts thanks to a combination of specific
factors leads to generation of induced pluripotent cells. These cells can be differentiated into the desired cell type for cardiac regenerative

therapy.
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needed. However, preparing pure cardiomyocytes without a
purification step entails a risk of contamination by tumor-
initiating cells.*® Interestingly, intramyocardial transplant-
ation of human iPSC-derived cardiomyocytes, endothelial
cells, and smooth muscle cells into a pig MI model
showed that human iPSC-derived cardiomyocytes can inte-
grate into host myocardium and generate organized sarco-
meric structures, while endothelial and smooth muscle cells
contribute to the host vasculature. This trilineage cell trans-
plantation can significantly improve left ventricular function
and angiogenesis, while reducing infarct size and cell apop-
tosis.®® iPS may hence provide a useful source of patient-
specific cells, as they can be isolated from their own dermal
fibroblasts.

The benefits of iPS cell transplantation in MCT-induced
PAH rats on the hemodynamic function of the RV were
assessed in the study by Huang et al. Tail vein administra-
tion of murine iPS cells was performed once per week for a
period of one month. A significant decrease in RVH, RVSP,
and lung tissue inflammation were observed.®® However,
due to their embryonic stem cell-like properties, iPS cell
are tumorigenic.’’ Hence, to overcome the problem of
tumorigenesis, in a lot of studies the iPS cells were made to
differentiate in vitro into cardiomyocytes, or other cell types,
before being transplanted into the animal model hosts. As
there was no mention of tumor formation in study by Huang
et al., the use of undifferentiated iPS cells may in fact be
inconsequential in this regard. Thus, the administration of
iPS derived from cardiomyocytes and endothelial cells, as
used in the study by Lei Ye et al.,%° directly into the RV in
a PAH model may be a suitable approach.

Once again, it is important to emphasize that when stem
cells therapies are not administered directly into the RV,
beneficial effects on RV function may well be mediated
through their action on the pulmonary unit and more pre-
cisely through the reduction of afterload. Preclinical studies
of stem cell therapy for pulmonary hypertension are
resumed in Table 3 and the markers of these stem cells are
referenced in Figure 7.

What are the best stem cells to target the right
ventricle in PAH? (Table 4)

The use of cells isolated from autologous umbilical cord
blood and embryo-derived cells, such as CPC, can be subject
to ethical concerns and legal restrictions, as well as immuno-
logical issues. The use of iPS may be a suitable option to
overcome these issues as they are derived from somatic cells
and they are genetically identical to the patient. However,
their reprogramming may induce genetic changes that could
lead to tumor initiation.®®® For practical reasons, the cells
should be readily available at the right clinical dose at the
time of injection. This means that the isolated cells need to
have previously undergone cryopreservation, even though
this is not optimal for maintaining cell properties. Indeed,
there is still a considerable need for new approaches to

optimize cryopreservation.’® As RV failure in the context
of PAH is a chronic condition, patient-specific manufac-
ture of autologous cell products could be viewed to be
more suitable approach than isolating cells from the
patient in advance and freezing them. However, as with
other cardiovascular pathologies, it has been shown in
idiopathic PAH (iPAH) patients that the number of EPC
are lower compared to healthy patients.”’ There are three
options to address this: isolation of cells from the patient
before the pathology is established (from UCB or from a
peripheral blood sample taken during childhood); use of
an allogenic stem cells source (from a stem cell-derived
UCB bank); or use of iPS cells derived from the patient’s
own fibroblasts.

The outcomes of preclinical and clinical studies regard-
ing stem cell therapy for heart diseases depend on the type
of cells as well as the route of administration. Finally,
while promoting angiogenesis may be beneficial for im-
proving RV function, it may be detrimental for pulmonary
vascular remodeling in PAH patients. An adequate degree
of care should hence be taken to choose the best cells and
the best way to administer these cells to the heart so as to
avoid detrimental side effects on the pulmonary
circulation.”?

Potential administration routes (Fig.8)

Intravenous delivery of stem cells is the easiest and least
invasive option for administration. It is a feasible and low-
risk route. However, it has been shown that the retention
rate in the heart is poor with this method of
administration.”

Intracoronary delivery is one of the most commonly used
methods for administration. Intracoronary injection using
various cell types has already been tried and tested in several
clinical trials, and have proven its safety and effectiveness.
However, this technique involves a risk of coronary occlu-
sion or microvascular obstruction by the infused cells, which
can lead to myocardial infarct. Intracoronary administra-
tion appears to have a lower efficiency in terms of myocar-
dial  cell retention compared to  intracardiac
administration.”

Intracardiac delivery is the most effective and invasive
route for administration.”® It can be divided into two sub-
types: epicardial and transendocardial injection. Vrtovec
et al. compared intracoronary versus transendocardial
CD34 + cell delivery in patients with non-ischemic dilated
cardiomyopathy, and they found that transendocardial
delivery was associated with a better clinical response due
to a higher level of myocardial cell retention.”” Although the
intracardiac administration route appears to be optimal in
terms of cell retention, this method is invasive and it entails
a risk of ventricle wall perforation and cardiac
arrhythmias.”®

Cells are released in a new and damaged environment, as
opposed to the ideal environment in which they were
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Intracoronary
administration

Biomaterial

Intramyocardial cell delivery

administration

Fig. 8. Routes of administration for stem cell therapy targeting the
right ventricle in PAH.

cultured before the injection. As a result, cell death and cell
retention are two major problems that still need to be
solved. To enhance cell survival and delivery, the addition
of biomaterials that mimic or that are derived from ECM
have undergone assessment in recent years (e.g. Matrigel®,
decellularized ECM, hyaluronic acid, and collagen).”” The
goal of this approach is to use biocompatible biomaterials as
an ideal environment for cell survival that could permit con-
tinuous cell delivery to organs. The currently available bio-
material delivery systems are patches that can be applied on
the surface of the organ and injectable hydrogel that can be
incorporated in the organ and 3D scaffold.”®"

Clinical studies targeting the right ventricle
(Table 5)

Rupp et al. reported the first case of intracoronary infusion
of autologous BM-derived progenitor cells in an infant of 11
months who was afflicted with hypoplastic left heart syn-
drome (HLHS). HLHS is a very serious type of CHD,
also known as ‘“‘univentricular heart syndrome,” which is
characterized by hypoplasia of the LV and that ultimately
leads to RV failure. Three months after administration, it
was found that the RVEF had increased and that the RV
function had dramatically improved.'® A second study was
performed in nine children with severe terminal heart failure
for whom a heart transplant remained the last option. These
children were treated by intracoronary infusion of autolo-
gous BM-derived MNC. This study showed improvement in
terms of the NYHA classification and an increase in the
LVEF.'""!

The Mayo Clinic carried out a stem cell trial in 2014 to
treat children with HLHS. This clinical trial aimed to deter-
mine the safety and feasibility of injections of autologous
UCB-MNC cells into the RV of HLHS children undergoing
a particular surgical procedure. The investigators sought to
investigate whether autologous UCB could strengthen the
RV muscle.'*?

The first case report of intraoperative intramyocardial
injection of autologous UCB yielded encouraging findings,
such as a progressive improvement in the RVEF over the
course of the subsequent three months. However, it is not
clear whether the improvement resulted from the regenera-
tive therapy or from the surgical procedure that was
performed.'®

Table 4. Comparing cell types suitable for stem cell therapy targeting the right ventricle in pulmonary hypertension patients.

Cell type Advantages

Drawbacks Targets

Mononuclear stem cells - Easy to isolate

- The isolation gives a lot of cells
- Can be isolated from

different tissues
- Immune compatible

Mesenchymal stromal cells

- Can differentiate into
specialized endothelial cells
- Their isolation is minimally invasive

Endothelial progenitor cells

Cardiac progenitor cells - Can activate endogenous
CPC to promote the production

of new “efficient” cardiomyocytes

Cardiosphere derived cells - Cardioprotective

Adipose-derived stem cells - Easy to isolate

- Suitable for autotransplantation
iPS derived cells - Can provide a source of

patient-specific cells

- Include a lot of cell type - Pro-angiogenic

- Anti-fibrotic
- Their functions can be different
depending on their origin

- Pro-angiogenic

- Anti-apoptotic

- Anti-inflammatory

- Difficult to identify

- Have to be expanded in culture
for a few weeks to have enough
cells to administrate

- Pro-angiogenic

- Very invasive procedure to
isolate them: heart biopsies

- Pro-angiogenic

- Promotion of cardiomyocyte
proliferation

- Very invasive procedure to
isolate them: heart biopsies

- Pro-angiogenic

- Anti-apoptotic

- Promotion of cardiomyocyte
proliferation

- Invasive procedure to isolate
them: liposuccion

- Pro-angiogenic
- Anti-apoptotic
- Difficult to purify cells

- Risk of tumor initiating cells

The effect will depend on the cell
type derived from iPS cells
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Table 5. Clinical studies of stem cell therapy for pulmonary hypertension.

Method of cell

Pathology Patients (n) Type of cells transplantation State Results Authors
Clinical study
PHACeT iPAH 7 eNOS-enhanced PA injection Completed -Improvement Granton
(phase 1) endothelial progenitor in exercise etal, 2015
2010 cells tolerance
- No hemodynamic
improvement
TICAP Hypoplastic left 14 (7 treated Cardiosphere Direct injection in ~ Completed - Improved RV Ishigami
(phase 1) heart syndrome and 7 control) derived cells the right and the function at 36 months etal, 2015
2012 left coronary after staged cardiac
arteries reconstruction
PERSEUS Hypoplastic left X Cardiosphere Direct injection in  Recruiting X Mayo Clinic
(phase 2) heart syndrome derived cells the right and the
2018 left coronary

arteries

Wang et al. investigated the feasibility, safety, and clinical
outcomes of intravenous infusion of autologous EPC in
patients with iPAH. They did not specifically study RV
function in these patients, although they did find a signifi-
cant improvement in mPAP, PVR, and cardiac output. This
preliminary study showed that transplantation of autolo-
gous EPC may be beneficial in patients with iPAH.'** The
same type of study has been carried out in children with
iPAH, and the outcome was similar: intravenous infusion
of autologous EPC was feasible and associated with
improvements in exercise capacity and pulmonary hemo-
dynamics.'” The PHACeT trial aimed to evaluate the
safety of injecting EPC transfected with eNOS in PAH
patients who were refractory to PAH-specific therapies.
Three deliveries of transfected EPC were performed in the
right atrium in seven patients. Although once again the RV
function was not studied, this trial nonetheless showed that
the cell infusion was well tolerated and that the 6-min walk
distance (6MWD) was significantly increased at one, three,
and six months.'*

The TICAP (Transcoronary Infusion of Cardiac
Progenitor cells) Phase I clinical trial for pediatric patients
with CHD, using autologous CPC, was recently concluded.
Autologous CPC were isolated from seven children with
HLHS and delivered by intracoronary administration.
Eighteen months after the cell administration, the CPC-trea-
ted patients exhibited an improvement in RVEF and clinical
status compared to the control patients who received palli-
ation surgery without cell therapy.'?”-1%

Perspectives

To date, all of the stem cells clinical trials targeting PAH
have focused on pulmonary vascular disease. Whether the
observed concomitant improvement of RV function resulted
from a stem cell effect rather than an improvement in pul-
monary hemodynamics remains unknown. These trials have
nonetheless demonstrated that transcoronary, transatrial,
and intravenous stem cell administrations are feasible,

safe, and reliable. To our knowledge, the only stem cell
trial in regard to RV in pediatric patients with CHD
showed RV function and clinical improvement. Indeed, clin-
ical studies involving the administration of stem cells are
more developed in regard to heart defects where the LV is
affected, such as the SCIPIO clinical trial.'® This trial
revealed that autologous intracoronary administration of
CSC in patients with ischemic cardiomyopathy led to
improvement in the overall and regional LV function. A
phase II clinical trial (MSC-HF),'"® where endocardial
administration of autologous BM-MSC was performed in
patients with chronic ischemic heart disease, also showed
improvement in LV function. A phase I trial has assessed
the safety and feasibility of the epicardial transplantation of
skeletal myoblast in patients with ischemic cardiomyopathy
(CAuSMIC)."""  Vrtovec and his team employed
CD34 + cells, and they studied intracoronary administration
in patients who either had dilated cardiomyopathy''? or
non-ischemic dilated cardiomyopathy.''* They also studied
transendocardial administration in patients with ischemic
cardiomyopathy.'' All of their studies revealed an increase
in LVEF and the 6MWD, a decrease in N-terminal pro-
BNP, and improved long-term survival.

Given that administration of stem cells targeting the LV
has already been shown to yield clinical benefits, there is
ample reason to similarly use stem cells to treat the RV.
RV function is the main determinant of survival in patients
with PAH." We hypothesize that reinforcing the RV rather
than trying to treat the lungs in PAH could be an alternative
approach to increasing patient survival.

The vast majority of LV cell therapy studies examined
cells delivery after MI. Here we proposed a scenario where
cells would be delivered into a maladaptive RV that is con-
tinuously exposed to a pathologically elevated PAP which is
different from what is already done in the LV where cells are
delivered following an acute injury. Even if the injected cells
are able to promote cardiomyocyte regeneration or enhance
capillary density, one may wonder if these effects will persist
in the face of the persistent increased PAP. For this reason,
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Fig. 7. Representative markers of stem cells usable for right ventricle cell therapy.

we believe that further studies are needed to address the
sustained effect of RV stem cell therapy as well as the role
of repeated injections, keeping in mind that RV cell therapy
should be performed as part of a multimodality treatment
targeting the RV and the pulmonary circulation.

Lastly, the main mode of action of stem cells may in fact
involve a paracrine effect, as it is difficult to determine
whether the cells are actually incorporated into the organ.
Using exosomes or cell-derived products may be a way to
avoid immune reaction while still yielding similar outcomes.
Promising results in this regard have been published from a
study involving MCT rats.'"

As previously mentioned, it is difficult to compare the
results of preclinical and clinical trials of RV stem cell ther-
apy as the exact nature of delivered cells remains undeter-
mined. Hence, there is an urgent necessity to move to
standardized stem cell identification before use. For
instance, there is large evidence of the heterogeneity of
CPC population®® which may have different role in cardiac
regeneration. Another important point is the evaluation of
the mechanism of action of cardiac cell therapy which
remains understudied. Few studies have designed in vitro
experiments to elucidate potential mechanism of action
showing that the effect of EPC therapy after MI involved
IGF and TGFB pathways.''®!"” Further studies are needed
to better understand how cell therapy could help the right
ventricle of PAH patients.

Conclusions

Cell therapy holds promise in terms of providing support for
RV function in PAH patients. Encouraging results have
been published that highlight the feasibility, safety, and

efficiency of such therapeutic approaches. Further studies
are needed, however, to evaluate RV stem cell therapy in
addition to pulmonary vessel therapy as an established ther-
apy before transplantation can be used to treat PAH
patients.

Declaration of conflicting interests

The author(s) declare that there is no conflict of interest.

Funding

This work was supported by a public grant overseen by the French
National Research Agency (ANR) as part of the second
Investissements d’Avenir program (reference: ANR-15-RHUS-
0002) and RHU BioartLung 2020.

References

1. Ghio S, Gavazzi A, Campana C, et al. Independent and additive
prognostic value of right ventricular systolic function and pul-
monary artery pressure in patients with chronic heart failure.
J Am Coll Cardiol 2001; 37(1): 183—188.

2. Rosenzweig A. Cardiac cell therapy—mixed results from mixed
cells. N Engl J Med 2006; 355(12): 1274-1277.

3. Povsic TJ. Current state of stem cell therapy for ischemic heart
disease. Curr Cardiol Rep 2016; 18(2): 17.

4. Gurtu V and Michelakis ED. Emerging therapies and future
directions in pulmonary arterial hypertension. Can J Cardiol
2015; 31(4): 489-501.

5. Simonneau G, Gatzoulis MA, Adatia I, et al. Updated clinical
classification of pulmonary hypertension. J Am Coll Cardiol
2013; 62(25 Suppl): D34-41.

6. Hoeper MM, Simon R and Gibbs J. The changing landscape of
pulmonary arterial hypertension and implications for patient
care. Eur Respir Rev 2014; 23(134): 450-457.



14

| Right Ventricle Stem Cell Therapy

Loisel et al.

~

8.

Nel

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

McLaughlin VV, Shah SJ, Souza R, et al. Management of
pulmonary arterial hypertension. J 4Am Coll Cardiol 2015;
65(18): 1976-1997.

Ghio S, Gavazzi A, Campana C, et al. Independent and addi-
tive prognostic value of right ventricular systolic function and
pulmonary artery pressure in patients with chronic heart fail-
ure. J Am Coll Cardiol 2001; 37(1): 183—-188.

Ryan JJ, Huston J, Kutty S, et al. Right ventricular adaptation
and failure in pulmonary arterial hypertension. Can J Cardiol
2015; 31(4): 391-406.

Harrison A, Hatton N and Ryan JJ. The right ventricle under
pressure: evaluating the adaptive and maladaptive changes in
the right ventricle in pulmonary arterial hypertension using
echocardiography (2013 Grover Conference series). Pulm
Circe 2015; 5(1): 29-47.

Ryan JJ and Archer SL. The right ventricle in pulmonary
arterial hypertension: disorders of metabolism, angiogenesis
and adrenergic signaling in right ventricular failure. Circ Res
2014; 115(1): 176-188.

Vonk-Noordegraaf A, Haddad F, Chin KM, et al. Right heart
adaptation to pulmonary arterial hypertension: physiology
and pathobiology. J Am Coll Cardiol 2013; 62(25 Suppl):
D22-33.

Ryan JJ and Archer SL. Emerging concepts in the molecular
basis of pulmonary arterial hypertension: part I: metabolic
plasticity and mitochondrial dynamics in the pulmonary circu-
lation and right ventricle in pulmonary arterial hypertension.
Circulation 2015; 131(19): 1691-1702.

Bogaard HJ, Natarajan R, Henderson SC, et al. Chronic pul-
monary artery pressure elevation is insufficient to explain right
heart failure. Circulation 2009; 120(20): 1951-1960.

Ruiter G, Ying Wong Y, de Man FS, et al. Right ventricular
oxygen supply parameters are decreased in human and experi-
mental pulmonary hypertension. J Heart Lung Transplant
2013; 32(2): 231-240.

Gomez A, Bialostozky D, Zajarias A, et al. Right ventricular
ischemia in patients with primary pulmonary hypertension.
J Am Coll Cardiol 2001; 38(4): 1137-1142.

Sutendra G, Dromparis P, Paulin R, et al. A metabolic
remodeling in right ventricular hypertrophy is associated
with decreased angiogenesis and a transition from a compen-
sated to a decompensated state in pulmonary hypertension.
J Mol Med (Berl) 2013; 91(11): 1315-1327.

Sarashina T, Nakamura K, Akagi S, et al. Reverse right ven-
tricular remodeling after lung transplantation in patients with
pulmonary arterial hypertension under combination therapy
of targeted medical drugs. Circ J 2017; 81(3): 383-390.

Fuss 1J, Kanof ME, Smith PD, et al. Isolation of whole mono-
nuclear cells from peripheral blood and cord blood. Curr
Protoc Immunol 2009; Chapter 7: Unit7.1.

Peters EB, Liu B, Christoforou N, et al. Umbilical cord blood-
derived mononuclear cells exhibit pericyte-like phenotype and
support network formation of endothelial progenitor cells in
vitro. Ann Biomed Eng 2015; 43(10): 2552-2568.

Rohban R, Prietl B and Pieber TR. Crosstalk between stem
and progenitor cellular mediators with special emphasis on
vasculogenesis. Transfus Med Hemotherapy 2017; 44(3):
174-182.

Oommen S, Yamada S, Cantero Peral S, et al. Human umbil-
ical cord blood-derived mononuclear cells improve murine
ventricular function upon intramyocardial delivery in right

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

ventricular chronic pressure overload. Stem Cell Res Ther
2015; 6: 50.

Smith AR and Wagner JE. Alternative haematopoietic stem
cell sources for transplantation: place of umbilical cord blood.
Br J Haematol 2009; 147(2): 246-261.

Cantero Peral S, Burkhart HM, Oommen S, et al. Safety and
feasibility for pediatric cardiac regeneration using epicardial
delivery of autologous umbilical cord blood-derived mono-
nuclear cells established in a porcine model system. Stem
Cells Transl Med 2015; 4(2): 195-206.

Yerebakan C, Sandica E, Prietz S, et al. Autologous umbilical
cord blood mononuclear cell transplantation preserves right
ventricular function in a novel model of chronic right ventricu-
lar volume overload. Cell Transplant 2009; 18(8): 855-868.
Davies B, Elwood NJ, Li S, et al. Human cord blood stem cells
enhance neonatal right ventricular function in an ovine model
of right ventricular training. Ann Thorac Surg 2010; 89(2):
585-593.

Fernandez Vallone VB, Romaniuk MA, Choi H, et al.
Mesenchymal stem cells and their use in therapy: what has
been achieved? Differ Res Biol Divers 2013; 8§5(1-2): 1-10.
van der Laarse A, Cobbaert CM and Umar S. Stem and
progenitor cell therapy for pulmonary arterial hyperten-
sion: effects on the right ventricle (2013 Grover Conference
Series). Pulm Circ 2015; 5(1): 73-80.

Burlacu A, Grigorescu G, Rosca A-M, et al. Factors secreted
by mesenchymal stem cells and endothelial progenitor cells
have complementary effects on angiogenesis in vitro. Stem
Cells Dev 2013; 22(4): 643-653.

Castro-Manrreza ME and Montesinos JJ. Immunoregulation
by mesenchymal stem cells: biological aspects and clinical
applications. J Immunol Res 2015; 2015: 394917.

Rankin S. Mesenchymal stem cells. Thorax 2012; 67(6):
565-566.

Hass R, Kasper C, B6hm S, et al. Different populations and
sources of human mesenchymal stem cells (MSC): A compari-
son of adult and neonatal tissue-derived MSC. Cell Commun
Signal 2011; 9: 12.

Umar S, de Visser YP, Steendijk P, et al. Allogenic stem cell
therapy improves right ventricular function by improving lung
pathology in rats with pulmonary hypertension. 4m J Physiol
Heart Circ Physiol 2009; 297(5): H1606-1616.

Lee H, Lee JC, Kwon JH, et al. The effect of umbilical cord
blood derived mesenchymal stem cells in monocrotaline-
induced pulmonary artery hypertension rats. J Korean Med
Sci 2015; 30(5): 576-585.

Luan Y, Zhang X, Kong F, et al. Mesenchymal stem cell pre-
vention of vascular remodeling in high flow-induced pulmon-
ary hypertension through a paracrine mechanism. Int
Immunopharmacol 2012; 14(4): 432-437.

Zhang Y, Liao S, Yang M, et al. Improved cell survival and
paracrine capacity of human embryonic stem cell-derived mes-
enchymal stem cells promote therapeutic potential for pulmon-
ary arterial hypertension. Cell Transplant 2012; 21(10):
2225-2239.

Baber SR, Deng W, Master RG, et al. Intratracheal mesen-
chymal stem cell administration attenuates monocrotaline-
induced pulmonary hypertension and endothelial dysfunction.
Am J Physiol Heart Circ Physiol 2007; 292(2): H1120-1128.
Kanki-Horimoto S, Horimoto H, Mieno S, et al. Implantation
of mesenchymal stem cells overexpressing endothelial nitric



Pulmonary Circulation Volume 8 Number?2 | 15

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

oxide synthase improves right ventricular impairments caused
by pulmonary hypertension. Circulation 2006; 114(1 Suppl):
1181-185.

Liang OD, Mitsialis SA, Chang MS, et al. Mesenchymal stro-
mal cells expressing heme oxygenase-1 reverse pulmonary
hypertension. Stem Cells 2011; 29(1): 99-107.

Kang H, Kim K-H, Lim J, et al. The therapeutic effects of
human mesenchymal stem cells primed with sphingosine-1
phosphate on pulmonary artery hypertension. Stem Cells
Dev 2015; 24(14): 1658-1671.

Molina EJ, Palma J, Gupta D, et al. Right ventricular effects
of intracoronary delivery of mesenchymal stem cells (MSC) in
an animal model of pressure overload heart failure. Biomed
Pharmacother 2009; 63(10): 767-772.

Melero-Martin JM, De Obaldia ME, Kang S-Y, et al.
Engineering robust and functional vascular networks in vivo
with human adult and cord blood-derived progenitor cells.
Circ Res 2008; 103(2): 194-202.

Asahara T, Murohara T, Sullivan A, et al. Isolation of puta-
tive progenitor endothelial cells for angiogenesis. Science 1997,
275(5302): 964-967.

Yamamoto K, Takahashi T, Asahara T, et al. Proliferation,
differentiation, and tube formation by endothelial progenitor
cells in response to shear stress. J Appl Physiol (1985) 2003;
95(5): 2081-2088.

Tilling L, Chowienczyk P and Clapp B. Progenitors in motion:
mechanisms of mobilization of endothelial progenitor cells.
Br J Clin Pharmacol 2009; 68(4): 484-492.

Madonna R and De Caterina R. Circulating endothelial pro-
genitor cells: Do they live up to their name? Vascul Pharmacol
2015; 67-69: 2-5.

Mukai N, Akahori T, Komaki M, et al. A comparison of the
tube forming potentials of early and late endothelial progeni-
tor cells. Exp Cell Res 2008; 314(3): 430-440.

Cheng C-C, Chang S-J, Chueh Y-N, et al. Distinct angiogen-
esis roles and surface markers of early and late endothelial
progenitor cells revealed by functional group analyses. BMC
Genomics 2013; 14: 182.

Fadini GP, Losordo D and Dimmeler S. Critical reevaluation
of endothelial progenitor cell phenotypes for therapeutic and
diagnostic use. Circ Res 2012; 110(4): 624-637.

Medina RJ, Barber CL, Sabatier F, et al. Endothelial progeni-
tors: a consensus statement on nomenclature. Stem Cells
Transl Med 2017; 6(5): 1316-1320.

Boyer-Di Ponio J, El-Ayoubi F, Glacial F, et al. Instruction of
circulating endothelial progenitors in vitro towards specialized
blood-brain barrier and arterial phenotypes. PLoS One 2014;
9(1): e84179.

Murohara T, Ikeda H, Duan J, et al. Transplanted cord blood-
derived endothelial precursor cells augment postnatal neovas-
cularization. J Clin Invest 2000; 105(11): 1527-1536.

Flex A, Biscetti F, Iachininoto MG, et al. Human cord blood
endothelial progenitors promote post-ischemic angiogenesis in
immunocompetent mouse model. Thromb Res 2016; 141:
106-111.

Peng X-G, Bai Y, James JR, et al. Transplanted endothelial
progenitor cells improve ischemia muscle regeneration in mice
by diffusion tensor MR imaging. Stem Cells Int 2016; 2016:
3641401.

Kim S-W, Jin HL, Kang S-M, et al. Therapeutic effects of late
outgrowth endothelial progenitor cells or mesenchymal stem

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

cells derived from human umbilical cord blood on infarct
repair. Int J Cardiol 2016; 203: 498-507.

Au P, Daheron LM, Duda DG, et al. Differential in vivo
potential of endothelial progenitor cells from human umbilical
cord blood and adult peripheral blood to form functional long-
lasting vessels. Blood 2008; 111(3): 1302-1305.

Yip H-K, Chang L-T, Sun C-K, et al. Autologous transplant-
ation of bone marrow-derived endothelial progenitor cells
attenuates monocrotaline-induced pulmonary arterial hyper-
tension in rats. Crit Care Med 2008; 36(3): 873-880.

Xia L, Fu G-S, Yang J-X, et al. Endothelial progenitor cells
may inhibit apoptosis of pulmonary microvascular endothelial
cells: new insights into cell therapy for pulmonary arterial
hypertension. Cytotherapy 2009; 11(4): 492-502.

Mirsky R, Jahn S, Koskenvuo JW, et al. Treatment of pul-
monary arterial hypertension with circulating angiogenic cells.
Am J Physiol Lung Cell Mol Physiol 2011; 301(1): L12-19.
Ormiston ML, Deng Y, Stewart DJ, et al. Innate immunity in
the therapeutic actions of endothelial progenitor cells in pul-
monary hypertension. Am J Respir Cell Mol Biol 2010; 43(5):
546-554.

Zhou L, Chen Z, Vanderslice P, et al. Endothelial-like progeni-
tor cells engineered to produce prostacyclin rescue monocrota-
line-induced pulmonary arterial hypertension and provide
right ventricle benefits. Circulation 2013; 128(9): 982-994.
Zhao YD, Courtman DW, Deng Y, et al. Rescue of mono-
crotaline-induced pulmonary arterial hypertension using bone
marrow-derived endothelial-like progenitor cells: efficacy of
combined cell and eNOS gene therapy in established disease.
Circ Res 2005; 96(4): 442-450.

Yen C-H, Tsai T-H, Leu S, et al. Sildenafil improves long-term
effect of endothelial progenitor cell-based treatment for mono-
crotaline-induced rat pulmonary arterial hypertension.
Cytotherapy 2013; 15(2): 209-223.

Sun C-K, Lee F-Y, Sheu J-J, et al. Early combined treatment
with cilostazol and bone marrow-derived endothelial progeni-
tor cells markedly attenuates pulmonary arterial hypertension
in rats. J Pharmacol Exp Ther 2009; 330(3): 718-726.

Tian S, Liu Q, Gnatovskiy L, et al. Heart regeneration with
embryonic cardiac progenitor cells and cardiac tissue engineer-
ing. J Stem Cell Transplant Biol 2015; 1(1): 104.

Le T and Chong J. Cardiac progenitor cells for heart repair.
Cell Death Discov 2016; 2: 16052.

Malliaras K, Makkar RR, Smith RR, et al. Intracoronary
cardiosphere-derived cells after myocardial infarction: evi-
dence of therapeutic regeneration in the final 1-year results
of the CADUCEUS trial (CArdiosphere-Derived aUtologous
stem CElls to reverse ventricUlar dySfunction). J Am Coll
Cardiol 2014; 63(2): 110-122.

Messina E, De Angelis L, Frati G, et al. Isolation and expan-
sion of adult cardiac stem cells from human and murine heart.
Circ Res 2004; 95(9): 911-921.

Ibrahim AG-E, Cheng K and Marban E. Exosomes as critical
agents of cardiac regeneration triggered by cell therapy. Stem
Cell Rep 2014; 2(5): 606-619.

Barile L, Lionetti V, Cervio E, et al. Extracellular vesicles from
human cardiac progenitor cells inhibit cardiomyocyte apop-
tosis and improve cardiac function after myocardial infarction.
Cardiovasc Res 2014; 103(4): 530-541.

Kanazawa H, Tseliou E, Malliaras K, et al. Cellular postcon-
ditioning: allogeneic cardiosphere-derived cells reduce infarct



| Right Ventricle Stem Cell Therapy

Loisel et al.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

size and attenuate microvascular obstruction when adminis-
tered after reperfusion in pigs with acute myocardial infarc-
tion. Circ Heart Fail 2015; 8(2): 322-332.

Chakravarty T, Makkar RR, Ascheim DD, et al. ALLogeneic
Heart STem Cells to Achieve Myocardial Regeneration
(ALLSTAR) Trial: rationale and design. Cell Transplant
2017; 26(2): 205-214.

Konstantinidis K, Whelan RS and Kitsis RN. Mechanisms of
cell death in heart disease. Arterioscler Thromb Vasc Biol 2012;
32(7): 1552-1562.

Lambert V, Gouadon E, Capderou A, et al. Right ventricular
failure secondary to chronic overload in congenital heart dis-
eases: benefits of cell therapy using human embryonic stem
cell-derived cardiac progenitors. J Thorac Cardiovasc Surg
2015; 149(3): 708-715.¢l.

Raposio E, Simonacci F and Perrotta RE. Adipose-derived
stem cells: Comparison between two methods of isolation
for clinical applications. Ann Med Surg (Lond) 2017; 20:
87-91.

Rehman J, Traktuev D, Li J, et al. Secretion of angiogenic and
antiapoptotic factors by human adipose stromal cells.
Circulation 2004; 109(10): 1292—-1298.

Cao Y, Sun Z, Liao L, et al. Human adipose tissue-derived
stem cells differentiate into endothelial cells in vitro and
improve postnatal neovascularization in vivo. Biochem
Biophys Res Commun 2005; 332(2): 370-379.

Kim EK, Li G, Lee TJ, et al. The effect of human adipose-
derived stem cells on healing of ischemic wounds in a diabetic
nude mouse model. Plast Reconstr Surg 2011; 128(2): 387-394.
Nagata H, Ii M, Kohbayashi E, et al. Cardiac adipose-derived
stem cells exhibit high differentiation potential to cardiovascu-
lar cells in C57BL/6 mice. Stem Cells Transl Med 2016; 5(2):
141-151.

Perin EC, Sanz-Ruiz R, Sanchez PL, et al. Adipose-derived
regenerative cells in patients with ischemic cardiomyopathy:
The PRECISE Trial. Am Heart J 2014; 168(1): 88-95.¢e2.
Luo L, Lin T, Zheng S, et al. Adipose-derived stem cells
attenuate pulmonary arterial hypertension and ameliorate
pulmonary arterial remodeling in monocrotaline-induced pul-
monary hypertensive rats. Clin Exp Hypertens 2015; 37(3):
241-2438.

Somanna NK, Woérner PM, Murthy SN, et al. Intratracheal
administration of cyclooxygenase-1-transduced adipose tissue-
derived stem cells ameliorates monocrotaline-induced pulmon-
ary hypertension in rats. Am J Physiol Heart Circ Physiol 2014;
307(8): H1187-1195.

Takahashi K and Yamanaka S. Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures by
defined factors. Cell 2006; 126(4): 663—676.

Tohyama S and Fukuda K. Safe and effective cardiac regen-
erative therapy with human-induced pluripotent stem cells:
how should we prepare pure cardiac myocytes? Circ Res
2017; 120(10): 1558-1560.

Ye L, Chang Y-H, Xiong Q, et al. Cardiac repair in a porcine
model of acute myocardial infarction with human induced
pluripotent stem cell-derived cardiovascular cells. Cell Stem
Cell 2014; 15(6): 750-761.

Huang W-C, Ke M-W, Cheng C-C, et al. Therapeutic benefits
of induced pluripotent stem cells in monocrotaline-induced
pulmonary arterial hypertension. PLoS One 2016; 11(2):
e0142476.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Riggs JW, Barrilleaux BL, Varlakhanova N, et al. Induced
pluripotency and oncogenic transformation are related pro-
cesses. Stem Cells Dev 2013; 22(1): 37-50.

Yamakawa H and Ieda M. Strategies for heart regeneration:
approaches ranging from induced pluripotent stem cells to
direct cardiac reprogramming. Int Heart J 2015; 56(1): 1-5.
Barad L, Schick R, Zeevi-Levin N, et al. Human embryonic
stem cells vs human induced pluripotent stem cells for cardiac
repair. Can J Cardiol 2014; 30(11): 1279-1287.

Hunt CJ. Cryopreservation of human stem cells for clinical
application: a review. Transfus Med Hemother 2011; 38(2):
107-123.

Junhui Z, Xingxiang W, Guosheng F, et al. Reduced number
and activity of circulating endothelial progenitor cells in
patients with idiopathic pulmonary arterial hypertension.
Respir Med 2008; 102(7): 1073-1079.

Chen H, Strappe P, Chen S, et al. Endothelial progenitor cells
and pulmonary arterial hypertension. Heart Lung Circ 2014;
23(7): 595-601.

Golpanian S, Schulman IH, Ebert RF, et al. Concise review:
review and perspective of cell dosage and routes of adminis-
tration from preclinical and clinical studies of stem cell ther-
apy for heart disease. Stem Cells Transl Med 2016; 5(2):
186-191.

Hou D, Youssef EA-S, Brinton TJ, et al. Radiolabeled cell
distribution after intramyocardial, intracoronary, and inter-
stitial retrograde coronary venous delivery: implications for
current clinical trials. Circulation 2005; 112(9 Suppl):
1150-156.

Vrtovec B, Poglajen G, Lezaic L, et al. Comparison of trans-
endocardial and intracoronary CD34 + cell transplantation in
patients  with  nonischemic dilated cardiomyopathy.
Circulation 2013; 128(11 Suppl 1): S42-49.

Menasché P. Stem cell therapy for heart failure: are arrhyth-
mias a real safety concern? Circulation 2009; 119(20):
2735-2740.

Hinderer S, Brauchle E and Schenke-Layland K. Generation
and assessment of functional biomaterial scaffolds for appli-
cations in cardiovascular tissue engineering and regenerative
medicine. Adv Healthc Mater 2015; 4(16): 2326-2341.

Parsa H, Ronaldson K and Vunjak-Novakovic G.
Bioengineering methods for myocardial regeneration. Adv
Drug Deliv Rev 2016; 96: 195-202.

Silvestri A, Boffito M, Sartori S, et al. Biomimetic materials
and scaffolds for myocardial tissue regeneration. Macromol
Biosci 2013; 13(8): 984-1019.

Rupp S, Zeiher AM, Dimmeler S, et al. A regenerative strat-
egy for heart failure in hypoplastic left heart syndrome: intra-
coronary administration of autologous bone marrow-derived
progenitor cells. J Heart Lung Transplant 2010; 29(5):
574-5717.

Rupp S, Jux C, Bonig H, et al. Intracoronary bone marrow
cell application for terminal heart failure in children. Cardiol
Young 2012; 22(5): 558-563.

Avolio E, Caputo M and Madeddu P. Stem cell therapy and
tissue engineering for correction of congenital heart disease.
Front Cell Dev Biol 2015; 3: 39.

Burkhart HM, Qureshi MY, Peral SC, et al. Regenerative
therapy for hypoplastic left heart syndrome: first report of
intraoperative intramyocardial injection of autologous



Pulmonary Circulation Volume 8 Number2 | 17

104.

105.

106.

107.

108.

109.

110.

umbilical-cord blood-derived cells. J Thorac Cardiovasc Surg
2015; 149(3): e35-37.

Wang X-X, Zhang F-R, Shang Y-P, et al. Transplantation of
autologous endothelial progenitor cells may be beneficial in
patients with idiopathic pulmonary arterial hypertension: a
pilot randomized controlled trial. J Am Coll Cardiol 2007,
49(14): 1566-1571.

Zhu JH, Wang XX, Zhang FR, et al. Safety and efficacy of
autologous endothelial progenitor cells transplantation in
children with idiopathic pulmonary arterial hypertension:
open-label pilot study. Pediatr Transplant 2008; 12(6):
650-655.

Granton J, Langleben D, Kutryk MB, et al. Endothelial NO-
synthase gene-enhanced progenitor cell therapy for pulmon-
ary arterial hypertension: The PHACeT Trial. Circ Res 2015;
117(7): 645-654.

Ishigami S, Ohtsuki S, Tarui S, et al. Intracoronary autolo-
gous cardiac progenitor cell transfer in patients with hypo-
plastic left heart syndrome: the TICAP prospective phase 1
controlled trial. Circ Res 2015; 116(4): 653—664.

Si M-S and Ohye RG. Stem cell therapy for the systemic right
ventricle. Expert Rev Cardiovasc Ther 2017; 15(11): 813-23.

Chugh AR, Beache GM, Loughran JH, et al. Administration
of cardiac stem cells in patients with ischemic cardiomyop-
athy: the SCIPIO trial: surgical aspects and interim analysis
of myocardial function and viability by magnetic resonance.
Circulation 2012; 126(11 Suppl 1): S54-64.

Mathiasen AB, Jorgensen E, Qayyum AA, et al. Rationale
and design of the first randomized, double-blind, placebo-
controlled trial of intramyocardial injection of autologous
bone-marrow derived Mesenchymal Stromal Cells in chronic

111.

112.

113.

114.

115.

116.

117.

ischemic Heart Failure (MSC-HF Trial). Am Heart J 2012;
164(3): 285-291.

Dib N, Dinsmore J, Lababidi Z, et al. One-year follow-up of
feasibility and safety of the first U.S., randomized, controlled
study using 3-dimensional guided catheter-based delivery of
autologous skeletal myoblasts for ischemic cardiomyopathy
(CAuSMIC study). JACC Cardiovasc Interv 2009; 2(1): 9-16.
Vrtovec B, Poglajen G, Sever M, et al. Effects of intracoron-
ary stem cell transplantation in patients with dilated cardio-
myopathy. J Card Fail 2011; 17(4): 272-281.

Lezaic L, Socan A, Poglajen G, et al. Intracoronary trans-
plantation of CD34(+) cells is associated with improved myo-
cardial perfusion in patients with nonischemic dilated
cardiomyopathy. J Card Fail 2015; 21(2): 145-152.

Poglajen G, Sever M, Cukjati M, et al. Effects of transendo-
cardial CD34 + cell transplantation in patients with ischemic
cardiomyopathy. Circ Cardiovasc Interv 2014; 7(4): 552-559.
Aliotta JM, Pereira M, Wen S, et al. Exosomes induce and
reverse monocrotaline-induced pulmonary hypertension in
mice. Cardiovasc Res 2016; 110(3): 319-330.

Doyle B, Sorajja P, Hynes B, et al. Progenitor cell therapy in
a porcine acute myocardial infarction model induces cardiac
hypertrophy, mediated by paracrine secretion of cardio-
trophic factors including TGFbetal. Stem Cells Dev 2008;
17(5): 941-951.

Hynes B, Kumar AHS, O’Sullivan J, et al. Potent endothelial
progenitor cell-conditioned media-related anti-apoptotic, car-
diotrophic, and pro-angiogenic effects post-myocardial
infarction are mediated by insulin-like growth factor-1. Eur
Heart J 2013; 34(10): 782-789.



