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Over the past decade, cell therapy has emerged as a potential new treatment of a variety of cardiac diseases,
including acute myocardial infarction, refractory angina, and chronic heart failure. A myriad of cell types have
been tested experimentally, each of them being usually credited by its advocates of a high “regeneration”
potential. This has led to a flurry of clinical trials entailing the use of skeletal myoblasts or bone marrow-
derived cells either unfractionated or enriched in progenitor subpopulations. As often in medicine, the hype
generated by the early uncontrolled and small-sized studies has been dampened by the marginally successful
outcomes of the subsequent, more rigorously conducted randomized trials. Although they may have failed
to achieve their primary end points, these trials have been positive in the sense that they have allowed to
identify some key issues and it is reasonable to speculate that if these issues can now be addressed by appro-
priately focused benchwork, the outcomes of the second generation of cell-transplantation studies would
likely be upgraded. It, thus, appears that not “one cell fits all” but that the selection of the cell type should be
tailored to the primary clinical indication. On the one hand, it does not make sense to develop an “ideal” cell
in a culture dish, if we remain unable to deliver it appropriately and to keep it alive, at least for a while, which
requires to improve on the delivery techniques and to provide cells along with the vascular and extracellular
matrix type of support necessary for their survival and patterning. On the other hand, the persisting mecha-
nistic uncertainties about cell therapy should not preclude continuing clinical trials, which often provide the
unique opportunity of identifying issues missed by our suboptimal preclinical models. Finally, regardless of
whether cells are expected to act paracrinally or by physically replacing lost cardiomyocytes and, thus, effect-
ing a true myocardial regeneration, safety remains a primary concern. It is, thus, important that clinical devel-
opment programs be shaped in a way that allows the final cell-therapy product to be manufactured from
fully traceable materials, phenotypically well characterized, consistent, scalable, sterile, and genetically stable
as these characteristics are those that will be required by the ultimate gatekeeper, i.e., the regulator, and are
thus unbypassable prerequisites for an effective and streamlined leap from bench to bedside.
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Over the past decade, stem cells have been the subject of intense
experimental and clinical research in virtually all fields of medi-
cine. In the specific setting of cardiac diseases, this interest has
been largely driven by two major considerations: the improved
survival rate of patients with acute myocardial infarction due to
revascularization therapies has put more of them at risk of devel-
oping heart failure' and despite the advances in drug therapy
and resynchronization devices, the proportion of cardiovascular
deaths in the group of heart failure patients with depressed left
ventricular (LV) function has not substantially improved over
time.? Put together, these observations account for the contin-
ued search for new option treatments among which cell therapy
has gained a growing interest. Although the early wave of clinical
trials has generated marginally successful results, it has also pro-
vided a huge amount of data that can now be used as a building
block to move the field forward. This review will thus highlight
some of the lessons learned from these initial clinical studies and

discuss how these clinical findings, along with the most recent
basic data on stem-cell biology, open attractive perspectives for
cardiac regenerative therapy.

SKELETAL MYOBLASTS

After almost a decade of experimental studies, clinical trials
of myoblast transplantation started in June 2000, when we
performed the first human transplantation of autologous myo-
blasts in a patient with severe ischemic heart failure.’ This case
initiated a series of 10 patients with a severe LV dysfunction
(reflected by an ejection fraction <35%), a postinfarction nonvi-
able scar and an indication for coronary artery bypass grafting
(CABG) in ischemic but viable areas remote from the trans-
planted ones (which were thus not revascularized). The reas-
sessment of these patients at an average follow-up of 52 months
(18-58) has basically shown a symptomatic improvement, a
relatively low incidence of hospitalizations for heart failure
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(0.13/patient-years) and a stabilization of echocardiographically
measured LV ejection fraction (LVEF) and volumes.* In one
patient who died 18 months postoperatively from a stroke,
some engrafted myotubes could still be identified embedded in
scar tissue.

Three other adjunct-to-CABG transplantation studies were
then performed.>” Whereas the patient profile and technique of
open-chest multiple injections were very similar to those used in
our study, the number of transplanted myoblasts was highly vari-
able (221 x 10° in the study of Gavira ef al’ from 4 x 10° to 5 x 107
in the study of Siminiak et al.® 1, 3, 10, 30 x 107 and 3 x 10 in the
dose-escalating study of Dib et al.”). Importantly, the protocol of
these three studies also differed from ours in that it systematically
entailed a concomitant revascularization of the myoblast-injected
areas (Table 1).

Put together, these studies have primarily demonstrated
the feasibility of the procedure as well as the safety of mul-
tiple needle punctures in the postinfarction scar and along its
borders. Likewise, none of the myoblast-injected patients have
developed a cardiac tumor (our longest survivor was operated
on in December 2000). Indeed, the only safety concern has been
an increased risk of arrhythmias after some of these early-phase
trials reported postoperative episodes of sustained ventricular
tachycardia.*® The currently prevailing hypothesis is that dif-
ferentiated myotubes fail to express gap junction proteins and,
as such, feature islet-like clusters electrically isolated from the
surrounding cardiomyocytes;® this, in turn, could slow the con-
duction velocity of electrical impulses and consequently pre-
dispose to reentry circuits.’ This hypothesis is largely based on
coculture experimental data showing that myoblast transfec-
tion with connexin 43 decreases arrhythmogenicity.’ In vivo
data have been more conflicting'®'* but overall they support
an increased risk of myoblast-related arrhythmias, possibly
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worsened by needle-induced disruption of myocardial tissue
and the associated inflammatory damage.” Clinically, however,
the assessment of this risk is complicated by the interplay of
several factors including concurrent medications, graft size,’
the location of myoblast injections (those performed in the
core of the scar seem less arrhythmogenic than those lining the
border zone)' and the intrinsically arrhythmogenic nature of
the underlying heart failure.

Although these initial studies were neither designed nor
powered to provide efficacy data, the functional effects of myoblast
injections were nevertheless assessed up to 4 years’ and even later
(58 months in our trial).* Outcomes were found to range from
stabilization of LVEF and volumes* to improvements in regional
and global LV function from baseline values** and, occasion-
ally, in metabolic viability of transplanted areas, as assessed by
positron emission tomography and magnetic resonance imaging
(MRI).> 1t is clear, however, that the small size of these series,
their open-label type of design and the lack of controls made these
data inconclusive.

For this reason, we implemented a randomized, dou-
ble blind, placebo-controlled trial (MAGIC, an acronym for
Myoblast Autologous Grafting in Ischemic Cardiomyopathy),
which involved 21 centers in Europe and included patients
meeting the same inclusion criteria as in the phase I stud-
ies (severe LV dysfunction, postinfarction nonviable scar, and
indication for CABG). Muscular biopsies were shipped to two
core laboratories where they were cultured and 3 weeks later,
either cells (at two different doses: 400 and 800 million) or a pla-
cebo solution were injected in ~30 sites encompassing the core
and the margins of the infarct area during the bypass surgery.
Notably, an internal cardioverter-defibrillator was implanted in
every patient before hospital discharge. Out of 120 randomized
patients, 97 were effectively treated and the major outcomes, at

Table 1 Summary of phase | adjunct-to-bypass surgical trials of skeletal myoblast transplantation

Revascularization of the

Controls transplanted segments Result

Study Cell dose

Hagege et al' (N=10) 871 x 10° (86% CD56™) None No

Gavira et al’ (N =12) 221 x 10° (65.6% CD56™) None Yes

Siminiak et al° (N=10) 4 x 10°to 5 x 107 None Yes
(65.4% desmin™)

Dib et al’ 1, 3, 10, and 30 x 107 None Yes

(3 patients per group) and
3 x 10° (12 patients)
(79% CD56™)

Improved symptoms at 52 months of FU
Stabilization of EF and LV volumes

4 early postop VT (nonfatal) before systematic implementation
of perioperative amiodarone prophylaxis

Improved EF at 1 year of FU

Improved regional contractility of myoblast-implanted
segments (echo)

Improved viability of myoblast-implanted segments (**F-FDG PET)
Improved EF at 1 year of FU

Improved regional contractility of some myoblast-implanted
segments (echo)

2 early postop VT and 2 VT at 2 weeks (no additional case
after systematic implementation of perioperative amiodarone
prophylaxis)

Improved EF at 2 years of FU

Improved viability of some myoblast-implanted segments
("F-FDG PET and MRI)

EF, ejection fraction; FDG PET, fluorodeoxyglucose positron emission tomography; FU, follow-up; LV, left ventricle; MRI, magnetic resonance imaging; VT, ventricular

tachycardia.
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the 6-month study point, can be summarized as follows: (i) the
proportion of patients who experienced arrhythmias was not
significantly different between the myoblast-treated and the
placebo-injected groups. However, analysis of the time course
of events showed that arrhythmias tended to be clustered in
the early postoperative period in the myoblast-treated groups,
whereas they were more evenly distributed over time in the
placebo arm of the trial. Not unexpectedly, these findings make a
strong case for the benefits of internal cardioverter-defibrillator
implantation in this high-risk patient population irrespective of
any cell therapy; (ii) neither regional nor global LV function, as
assessed blindly by echocardiography in a core laboratory, were
significantly improved by myoblast injections, regardless of
the dose, compared with controls, which sharply contrasts with
the encouraging results of the above-mentioned phase I trials
and once again highlight the importance of randomization,
blind assessment, and adequate controls to draw meaningful
conclusions; (iii) however, the highest dose of cells resulted in a
significant reversal of remodeling, evidenced by a decrease in LV
enddiastolic and endsystolic volumes (a prespecified secondary
end point) compared with the placebo group.”” Although this
encouraging signal tended to validate the concept that cells can
exert some beneficial effects, it is clear that under the conditions
of the trial, these effects were not powerful enough to translate
into meaningful improvements in contractile function.

In parallel to these surgical trials, three phase I catheter-
based studies have been reported. One has entailed administra-
tion of myoblasts through the coronary sinus with a dedicated
catheter, which allows direct cell injections into the target area
under endovascular ultrasound guidance.'® Experimentally, this
system has resulted in a successful engraftment of myoblasts'
and the 10-patient clinical study, conducted by Siminiak et al.'®
has confirmed both the feasibility and safety of this approach.
However, this route of cell transfer may be technically challeng-
ing, particularly in patients who have previously undergone lead
implantation for cardiac-resynchronization therapy. The other
two percutaneous trials have entailed endoventricular injec-
tions of myoblasts under electromechanical guidance'®** and are
clearly fraught with the same methodologic limitations as those
of the phase I surgical trials. These hurdles have been partly
overcome by another percutaneous study, which has random-
ized 23 patients with LVEF <40% and old (>10 years) infarc-
tion to endoventricular myoblast injections or optimal medical
management alone.” Although the 6-month interim results look
encouraging (no major safety concern and a trend toward
smaller LV dimensions in the myoblast-treated patients), they
are still limited and in contradiction with those of the random-
ized SEISMIC trial reported by Serruys at the 2008 American
College of Cardiology meeting; in this study, which allocated
31 patients to myoblast injections while 16 patients received
“optimal medical therapy,” there was no added benefit of cell
therapy on LV function measured at 6 months after the proce-
dure. An upcoming larger-scale randomized controlled trial will
hopefully help in clarifying this issue but one has to admit that
currently available data have not provided conclusive evidence
for a favorable shift of the risk-to-benefit ratio following skeletal
myoblast transplantation.
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BONE MARROW CELLS

Acute myocardial infarction

In this setting, mononuclear cells (MNCs) derived from bone
marrow or peripheral blood, CD133% progenitors and mesenchy-
mal stem cells (MSCs) have undergone clinical testing.

Most studies have focused on MNC extemporaneously pro-
cessed from bone marrow aspirates and reinjected into the
infarct-related artery a few days after its recanalization by balloon
angioplasty and stenting. Not unexpectedly, the enthusiasm raised
by the consistently positive results of early-phase uncontrolled and
usually small-sized studies has been dampened by the data yielded
by the following wave of randomized trials. The most recent meta-
analysis has compiled the data of 811 patients included in 13 ran-
domized trials.?' Overall, stem-cell therapy was found to improve
LVEF by 2.99% (95% confidence interval, 1.26-4.72%, P =
0.0007), despite a considerable degree of heterogeneity in LVEF
comparisons, and reduce LV endsystolic volume by 4.74 ml (95%
confidence interval, -7.84 to —1.64ml, P = 0.003) and myocardial
lesion area by 3.51% (95% confidence interval, -5.91 to -1.11%,
P = 0.004) compared with controls. Subgroup analysis revealed
that the benefit of cell therapy was greater when cells were infused
within 7 days following infarction and when the dose adminis-
tered was higher than 108. However, bone marrow-cell therapy
failed to alter postinfarction remodeling, which is a major predic-
tor of late adverse outcomes® and should, thus, be logically the
primary target of interventions adjunctive to current percutaneous
revascularization procedures. Indeed, a more focused analysis of
the large randomized controlled trials shows that the 204-patient
REPAIR-AMI study? is the only one to have unequivocally shown
the benefits of intracoronary infusions of bone marrow-derived
MNC, particularly in the subgroup of patients with an LVEF at or
below the median value of 49% (absolute improvement in LVEE,
5.0; 95% confidence interval, 2.0-8.1). Furthermore, in this trial,
cell therapy was reported to have reduced the 1-year prespecified
combined clinical endpoint of death, recurrence of myocardial
infarction, and any revascularization procedure (P = 0.01). In
the other large studies, the alleged benefits of stem-cell therapy
have been less straightforward, totally negative (ASTAMI),?* mixed
like in the Belgium® trial, where EF failed to improve despite a
reduction in infarct size (similar to what has been observed in a
swine model duplicating the clinical scenario)® or transient, like
in the BOOST trial, where the better outcomes seen at 4 months
after cell infusions were not apparent 14 months later because of
a gradual improvement in the control group.” The interpretation
of results also needs to be cautious; for example, in the recently
published FINCELL trial,?® which randomized 80 patients to
intracoronary infusions of MNC or placebo, a “positive” outcome
is inferred from the finding that LVEF increased to a greater
extent in the treated group compared with controls. However, a
head-to-head comparison of absolute LVEF values at 6 months
shows similar values in the two groups. Finally, at the November
2008 American Heart Association Scientific Sessions meeting, two
additional randomized trials (BONAMI and HEBE, presented by
Mouquet et al. and Piek et al., respectively) were reported to have
missed their primary endpoints.

The reasons for these mixed and discrepant results are not
really surprising if one takes into consideration the differences in
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patient- and cell-related factors across all these studies. Among
the former, the predictive value of pro-NT-BNP serum levels has
been identified in the REPAIR-MI trial (pretransplantation values
>735pg/ml being associated with improved outcomes).” Among
cell-related factors, dosing and timing of delivery probably play a
role, as mentioned earlier, but the technique of cell processing™®
as well as cell functionality are equally important as shown by the
predictive value of the colony forming unit capacity of the infused
cells.”” This issue of cell function is critical since coronary artery
disease is known to affect it.*»** The method used for assessing
the results also needs to be considered and, for example, the gain
in EF reported after bone marrow-cell therapy, when measure-
ments are based on angiocardiography, are in the order of magni-
tude of those yielded by MRI after successful infarct reperfusion
in the absence of any cell therapy.*® Clearly, additional larger-scale
trials are still required to assess whether, to what extent and under
which conditions, intracoronary infusions of bone marrow cells in
patients with acutely reperfused myocardial infarcts are clinically
beneficial.

Using a similar intracoronary route of cell transfer, the group
of Aalst in Belgium has focused on the specific population of
CD133% progenitors.* However, despite some evidence for
improvement in LV function, they stopped the trial prematurely
because of the worrisome observation of a higher-than-expected
rate of in-stent restenosis associated with luminal loss and
decreased pressure-derived fractional flow reserve. Whether these
findings reflect the Janus phenomenon whereby the downside
effect of proangiogenic cells is to also stimulate atherogenesis® or
are only due to bad luck in a small group of patients, remains cur-
rently uncertain but should be elucidated by an ongoing random-
ized trial.

MSC comprise the third cell type which has been investigated.
Chen et al.** have conducted a randomized placebo-controlled
trial that has tested the effects of intracoronary infusions of
large doses of autologous MSC. Three months after the pro-
cedure, LV function and perfusion were found significantly
improved in treated patients compared with those infused with
saline, but to this point, these results have not been duplicated.
Indeed, the major advantage of MSC in this acute infarction set-
ting would be their alleged immune privilege* allowing to use
them as an allogeneic off-the-shelf readily available cell product
functionally unaffected by the patient’s coronary artery disease.
A company-sponsored randomized controlled double-blind trial
has recently tested this concept by assessing the effects of injecting
intravenously allogeneic MSC in patients with acute myocardial
infarction. Six months later, LV function was found significantly
improved compared with baseline values in treated patients but
these outcome measurements did not differ significantly from
those obtained in control patients (Hare, Late-Breaking sessions
of the 2007 American College of Cardiology meeting). The latter
result highlights the major problem of the optimal route for MSC
delivery as each of them is associated with specific issues. Thus,
systemic intravenous infusion, which is obviously simple and safe
is unlikely to be functionally effective because extracardiac trap-
ping of MSC prevents them to home in the target myocardium.*
A direct intramyocardial transfer of MSC through an endoven-
tricular catheter would be likely more effective, but it can be risky
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to puncture a freshly infracted myocardium. From a practical
standpoint, intracoronary infusions, as used in the study of Chen
et al.* are the most appealing but raise a safety concern related to
distal capillary plugging due to the large size of MSC and subse-
quent microinfarctions.* However, it seems possible to overcome
this problem by an appropriate cell dosing and a bracketing of the
procedure by a robust antithrombotic therapy.’ In line with this
route for delivery, a clinical study (APOLLO) has been initiated
to assess the effects of autologous stem cells, derived from fat
tissue,*** extemporaneously processed by a dedicated device
and intracoronarily reinjected. Notably, however, the resulting
cell yield, at this point, is a heterogeneous mix of different pop-
ulations and cannot probably be assimilated to bone marrow-
derived MSC. Additional studies are thus warranted to better
characterize the mechanisms of the immune tolerance to MSC
and validate the intracoronary route for ensuring their safe and
effective delivery to the myocardium. A positive answer to these
two conditions could have a major clinical impact by allowing
one to move closer to a consistent and well-characterized, readily
available cell-therapy product.

Aside from the direct intracoronary infusion of bone
marrow-derived cells, the assumption that their intramyocardial
engraftment could contribute to repair infarcted tissue has led to
test an alternate strategy based on cytokine-induced mobilization
to increase the circulating pool of progenitors and also enhance
their subsequent homing in sites of injury. Out of three random-
ized studies that entailed administration of granulocyte colony-
stimulating factor (G-CSF) early after successful percutaneous
reperfusion, two failed to show any benefit.*** The reasons for
the discrepancy between these negative outcomes and the positive
ones of the third trial* are unclear but could be due to differences
in timing of treatment, lack of true controls in the positive study,
and the use of a more sensitive tool for assessing outcomes (MRI)
in the negative trials while the positive one was only based on
echocardiography. Nevertheless, there is currently no evidence
that G-CSF provides any additional benefit over best-of-care
management of patients with acute myocardial infarction. To
move the field forward, it could be worth looking at agents more
effective than G-CSF for mobilizing stem cells while avoiding an
excessive release of unwanted proinflammatory cells.*

Refractory angina

Although the continuous improvements in revascularization
procedures and drug therapies may have restricted the relevance
of this indication, there is still a substantial number of patients
who may yet exhaust conventional treatments and continue to
experience angina. Initial studies by Fuchs et al.*’ have shown a
symptomatic improvement in some of these “no option” patients
following transendocardial delivery of autologous MNC. However,
the subjective nature of the primary endpoint, i.e., angina relief,
the open-label design of this study, and the lack of controls
made these findings difficult to interpret. Hence, the interest of
the randomized safety trial conducted by Losordo et al.® to test
the effects of an endoventricular transfer of CD34" progenitors
sorted following G-CSF-induced cell mobilization and apheresis.
The choice of this cell population looks sound, in that it is based on
its expectedly high angiogenic potential that is critical in a setting
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where improved blood flow is the primary target. The encourag-
ing results yielded by the pilot study have led these investigators to
set a larger efficacy trial, which is currently under way.

In the perspective of cell-based angiogenesis, another trial
(PRECISE) has recently started to test the endoventricular delivery
of adipose tissue—derived stem cells.

Chronic heart failure

A limited number of studies have yet looked at the effects of
bone marrow cell transplantation in patients with heart fail-
ure (reviewed in ref. 49). In the surgical setting, cells have been
injected epicardially into the target areas, except for one study
in which they were also infused directly into the coronary artery
through the bypass graft.® Overall, the results have been disap-
pointing. The study by Mocini et al.*! (36 patients) has reported
a 3-month significant improvement in regional and global LV
function compared with baseline, but these outcome measures did
not significantly differ from those obtained in control patients in
whom, surprisingly, there was no functional benefit from bypass
surgery. The study by Hendrikx et al.>* (20 patients) showed that
after 4 months, there was a significantly greater wall thickening in
cell-transplanted patients (as assessed by MRI) but no improve-
ment in EF or perfusion defects beyond values was seen in con-
trol patients. Finally, the trial in which cells were injected both in
the myocardium and in the bypass grafts also failed to meet its
primary endpoint (Galinanes, presentation at the Late-breaking
clinical trials of the 2007 Scientific Sessions of the American Heart
Association).”® Altogether, these results are consistent with previ-
ous experimental data showing that transplantation of unfraction-
ated bone marrow in chronically infarcted myocardium does not
provide a functional benefit.**

Assuming that inducing myocardial regeneration through
bone marrow-cell implantation was still highly problematic,
other investigators have more pragmatically chosen to rather
build on the better documented angiogenic properties of some
progenitor subpopulations of these cells. In this setting, the most
encouraging results have been reported by Stamm et al.>> with the
use of CD1337 cells epicardially injected during CABG. Although
this trial was not strictly randomized, it has been rigorously con-
ducted and provides encouraging hints in favor of the capacity of
the CD133" population to safely improve LV function and perfu-
sion at 6 months postoperatively, particularly in patients with the
poorest preoperative LV function.

Catheter-based studies of bone marrow cells in patients
with heart failure are also limited. The way has been opened by
an open-label nonrandomized trial®® in which 11 patients expe-
rienced a l-year improvement in exercise capacity following
endoventricular injections of MNC. In two other studies, MNCs
have been infused directly into the coronary arteries. The IACT
study” has reported strikingly improved outcomes supposed to
reflect “regeneration” of the infarcted muscle but these results
have to be interpreted very cautiously because of the multiple con-
founders (particularly the small sample size, lack of true random-
ization and heterogeneity of baseline LV function). Using a more
elaborate crossover type of design in a 75-patient study, Assmus
et al>® have similarly reported, at a follow-up of 3 months, the
benefits of intracoronary infusions of either circulating progenitor
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cells or bone marrow—derived MNC. These data open interesting
perspectives for the catheter-based treatment of chronic heart
failure by bone marrow cells, but they still need validation by
large-scale randomized controlled trials.

Finally, two studies are currently registered on the clinicaltrials.
org website for the assessment of MSC intramyocardial injections
in conjunction with CABG in patients with ischemic heart failure.
Their endpoints are efficacy and safety, which is particularly
critical in view of the experimental report that because the differ-
entiation patterns of MSC are very sensitive to the physical nature
of the substrate, their implantation into postinfarction stiff scars
could drive their fate toward an osteogenic phenotype and result
in intramyocardial calcifications.*

LIMITATIONS AND REMAINING HURDLES
In a clinically oriented perspective, they can be stratified into
three main categories.

Issues related to cells

A consistent finding of cell-therapy studies is the very low rate of
sustained cell engraftment, regardless of the route of cell transfer.
More than 90% of injected cells disappear over the first days and
<1% of donor cells can still be identified 4 weeks after transplan-
tation.®” In the case of skeletal myoblasts, the fraction surviving
cell injections may proliferate until exiting the cell cycle but this
phenomenon is far from catching up the initial attrition rate,
which accounts for the scarcity of myoblast-derived myotubes
found at autopsy in the long term.*? This is likely to hamper the
functional efficacy of the procedure, because the benefits of myo-
blast transplantation have been linked to graft volume.® Likewise,
as previously mentioned, increased cell dosing appears to be one
of the factors of the efficacy of bone marrow cell-intracoronary
infusions.? A major lesson from preclinical and early clinical
trials is thus that enhancement of cell engraftment is mandatory
for optimizing the therapeutic benefits of the procedure. This
scalability issue is particularly relevant to heart failure, where the
cardiomyocyte deficit has been estimated to be on the range of one
billion cells.®*

This low rate of engraftment is actually due to two sequential
events: an early mechanical loss followed by cell death caused by
biological processes. The mechanical leakage of cells at the time of
injections has been found to represent ~30% of the injectate when
cells are delivered into an arrested heart and it increases more
than twofold in the beating heart (as occurs during off-pump
bypass surgery or catheter-based cell transfer).® Another recent
study has reported still more pessimistic data in that, in a porcine
model of cardiopulmonary bypass, only 10% of intramyocardi-
ally injected microspheres approximating the size of MSC were
retained within the sites of injection after 30 minutes, and this
rate was still lower when the heart was beating compared with the
arrested state.” Intracoronary delivery of cells is also associated
with a low efficiency rate as human imaging studies have shown
that only 2-5% of unselected MNC infused by this route were
retained in the myocardium after a few hours” but the rate of hom-
ing has recently been shown to be time-dependent, being greater
when cells are delivered shortly after the acute ischemic event.®
This delivery-associated mechanical leakage not only decreases
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the amount of cell engraftment in the target area but also leads to
a systemic dissemination of the injected cells,”” which may raise
safety issues depending on the cell type. Improvements in cell-
transfer techniques are thus eagerly awaited. If graft delivery is
planned through the coronary arteries, preimplantation treatment
of the cells (for example, by nitric oxide synthase enhancers) or
manipulation of the host tissue (for example, by low-energy shock
wave to enhance tissue expression of stroma-derived factor 1)
could be helpful for increasing homing.” However, some of these
biologically oriented interventions might be difficult to implement
in daily practice because of regulatory constraints, and improve-
ments in device design might thus offer a more pragmatic way of
increasing cell retention; such is the case of a recently described
intracoronary catheter, which features an expandable micronee-
dle that punctures the arterial wall and thus allows a perivascular
delivery of the cells. If cells are to be delivered directly into the
myocardium during a cardiac surgery procedure, one approach
is the development of more accurate computer-driven or even
robot-assisted” injection devices allowing a tighter control of the
various parameters of delivery than the hand-held syringe that has
been used so far. However, one of the major lessons learnt from
this first decade of cell therapy is the recognition of the multiple
limitations of multiple needle-based intramyocardial injections:
high rate of leakage, inhomogeneous distribution, poor reproduc-
ibility, disruption of the extracellular matrix, and subsequent loss
of signals modulating cell survival, differentiation and patterning,
and formation of potentially arrhythmogenic clusters.”” For
these reasons, an appealing alternative specifically relevant to
open-chest procedures is the replacement of the injection tech-
nique by the epicardial deposition of cell-seeded bioresorbable
patches, commonly made of collagen’”* or even of scaffold-free
cell sheets cultured on temperature-sensitive films, stacked, and
overlaid onto the infarct area.” From a practical standpoint, this
technique clearly makes cell delivery both less invasive and more
reproducible.

The second event that decreases engraftment is the death of
cells that have been initially retained and results from the inter-
play of multiple factors, including ischemia due to the poor
vascularization of the injected areas, inflammation, and apoptosis
subsequent to detachment of anchorage-dependent cells from
their extracellular matrix (anoikis). For this reason, time has prob-
ably come to move from “cell therapy” to “tissue therapy” whereby
cells are delivered along with some form of vascular and matrix
support. In this setting, a variety of gene-, cell-, or protein-based
angiogenic strategies have been tested experimentally and shown
to improve graft vascularization (reviewed in ref. 75). Boosting
of cell-survival pathways can also be accomplished by a pretrans-
plantation engineering of cells with genes encoding antiapoptotic
factors like bcl2 or Akt, although a simpler approach has consisted
of preconditioning cells either physically by heat shock or phar-
macologically by potassium channel agonists.” Embedding cells
into biomaterials (i.e., fibrin glue, peptide nanofibers) is another
means of enhancing graft retention (because of increased injectate
viscosity) and viability through creation of a three-dimensional
environment although, from this perspective, cell sheets are prob-
ably the best means for preserving cell cohesion and thus survival
signals linked to cell-to-cell and cell-to-matrix contacts. Finally,
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encapsulation of cells is another approach for protecting them
from inflammatory (and immune) damage inflicted by host cells
but it implies that one exclusively relies on the paracrine effects of
the cells (see in the later part) as, by definition, encaging cells into
particles precludes any functional integration of the graft.

Clearly, the development of these retention- and survival-
enhancing strategies cannot be dissociated from that of techniques
of cell tracking, allowing a comparative quantification of engraft-
ment rates. Those based on radionuclide, MRI, and reporter genes
are currently the most extensively used, at least in the laboratory,
although none of them optimally combines resolution, sensitivity,
safety, accuracy of cell quantification, and clinical applicability.””
A word of caution, in particular, has been raised about the use of
cell loading with iron nanoparticles and subsequent MRI-based
imaging because of the potential for false positives when iron
released by dead stem cells is engulfed by host macrophages.” The
amount of resources currently devoted to this area should hope-
fully allow to successfully address most of the issues still associated
with cell-imaging techniques.

Issues related to adult cells
A consistent finding of experimental cell-therapy studies has been
the discrepancy between the scarcity of cell engraftment and the
improvement in heart function, which has led to the postulation
that the beneficial effects of the grafted cells were not due to
the physical replacement of lost cardiomyocytes, but rather to
the release of cytokines and growth factors able to trigger host-
associated endogenous cytoprotective pathways. This paracrine
hypothesis is now documented by several studies, which have
screened the composition of conditioned media derived from
bone marrow cells”® and skeletal myoblasts;* and have shown
that these media alone, without the physical presence of the cells,
were able to effect some cardioprotection.®? Possible targets of
these paracrine mediators include stimulation of angiogenesis,
limitation of apoptosis, extracellular matrix remodeling leading
to increased scar elasticity and decreased fibrosis, and, more
hypothetically, recruitment of cardiac stem cells.

The basic question is then to determine which should be the
primary objective assigned to cell therapy; two can be considered.

The paracrine objective implies that the transplant has
primarily to supply a missing mediator like insulin or dopamine
in the case of diabetes and Parkinson’s disease, respectively. In
these settings, the transplanted cells must not necessarily adopt
the phenotype of the diseased cells they are supposed to rescue,
as long as the missing substance is appropriately secreted. Thus, if
the clinical indication is refractory angina and the ultimate objec-
tive, an increase in angiogenesis, donor cells are not required to
convert into endothelial cells (which, in anyway, is unlikely to
occur), but only to release the appropriate signalling molecules
for triggering the formation of a new vasculature. As such, bone
marrow-derived MNC and, possibly to a greater extent, the
CD34* fraction, appear as sound candidates.®

Conversely, the structural objective implies that the grafted cells
ensure the true regeneration of a dead tissue, in which case they
should be phenotypically identical to the diseased host cells that
they must replace. This is best exemplified by the ability of trans-
planted autologous skeletal myoblasts and fibroblasts to improve
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the symptoms of urinary incompetence by substituting for the
same cell populations that were defective.* This requirement for
donor-recipient cell matching is also relevant to heart failure, where
improvement of LV function requires that large areas of nonfunc-
tioning myocardium (see as mentioned previously) be repopulated
by new contractile cells able to electromechanically couple with the
host cardiomyocytes and thus allow the graft to beat in synchrony
with the remainder of the heart. Unfortunately, skeletal myoblasts®
or bone marrow cells* cannot convert into cardiomyocytes, and a
recent study using two-photon laser fluorescence microscopy has
elegantly demonstrated the inability of engrafted bone marrow
cells to respond to a depolarizing current by a cyclic calcium tran-
sient (which is a fundamental attribute of cardiomyocytes).*” Not
unexpectedly, this remuscularization is best achieved by cells that
recapitulate the developmental cardiomyogenic pathway. In this
setting, the limited availability and poor scalability potential of
fetal cardiomyocytes® along with the more than doubtful persis-
tence of cardiac stem cells in adulthood®*" highlight the potential
interest of human embryonic stem cells (ESCs). Because of their
pluripotency, ESC can be specified in vitro toward a cardiac lineage
and differentiate into cardiomyocytes following engraftment in
postinfarction scars.”>?> More recently, we have shown that sort-
ing of cardiac-specified cells from human and nonhuman primate
ESC on the basis of their expression of a surface maker (CD15)%
was effective for selectively retaining a population of cardiac pro-
genitors; when these purified progenitors were transplanted alloge-
neically into infarcted areas in Rhesus monkeys, they differentiated
into cardiomyocytes without causing teratomas (G. Blin, D. Nury,
S. Stefanoric, O. Guillevic, B. Brinon, V. Bellamy et al., unpublished
results). Apart from ethical and technical issues, the potential
clinical use of ESC is plagued with the immune response that they
induce.”** Studies are warranted to better characterize the time
course, patterns, and extent of the alloreactivity of ESC-derived
differentiated cells and develop strategies of immunotolerance or
immunosuppression allowing to mitigate rejection at the expense
of minimal side-effects.

The generation of inducible pluripotent stem cells (iPSs)
from human skin fibroblasts is the latest major advance in stem-
cell biology and the field has made tremendous progress within
a short time frame, as the four retroviruses initially required for
reprogramming (and which precluded any clinical application)
have already been successfully replaced by nonviral vectors.”
Cardiomyocytes have also been derived from these iPS,” and
some investigators already view them as the elective cells for
replacement therapy as they share with ESC a cardiac lineage
commitment without posing the ethical and immune problems
associated with the latter. Several basic and experimental studies,
however, still need to be done before we can think of a safe leap
to clinical applications.”® Notably, although the fact that iPS are
harvested from the patient himself is legitimately recognized as a
major advantage over ESC, in clinical practice, this benefit needs
to be weighted against the limitations inherent in autologous cell
products, which are discussed in the following paragraph.

Issues related to autologous cells

Clearly, one of the strong arguments favoring the use of skel-
etal myoblasts and bone marrow-derived cells has been
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their autologous origin. However, with accumulated clinical
experience, the limitations of patient-specific products have
become increasingly evident. They include (i) the naturally
occurring individual variability between patients that makes it
difficult to end up with a reproducible and well characterized
cell-therapy product. The common impairment of the func-
tionality of bone marrow MNC and endothelial progenitors in
patients with ischemic cardiomyopathy?®! and diabetes®, respec-
tively, makes unpredictable the therapeutic efficacy of custom-
ized cell-therapy batches. The approach consisting of screening
patient-specific cells in the perspective of fixing pharmacologi-
cally or genetically a potential defect is conceptually appeal-
ing, experimentally feasible,” but likely difficult to implement
in practice when large numbers of patients have to be treated;
(ii) the cost of quality controls that need to be repeated for each
patient-specific batch, and (iii) the logistical complexity related
to back-and-forth shipments of the cellular products when the
processing is centralized in a core laboratory. In the case of skel-
etal myoblasts, an additional constraint is the delay in treatment
corresponding to the expansion of the muscular biopsy. Thus, in
the perspective of a widely available therapy, the ideal approach
would be to have cell banks able to supply a readily available “off-
the-shelf” consistent, controlled, and accurately characterized
product. It is clear that the major drawback of such an allogeneic
product would be its immunogenicity (except, maybe, in the case
of MSC37). As it remains uncertain whether this problem might
be satisfactorily solved in the future by the relentless improve-
ments in immunomodulatory therapies, additional studies
remain warranted to thoroughly compare the risk-benefit and
cost-effectiveness ratios of autologous vs. allogeneic cell-therapy
products.

Because there is no animal model that can fully duplicate the
complex situation of patients with coronary artery disease, we
believe that it is legitimate to continue in undertaking adequately
designed and powered clinical trials provided that their experi-
mental grounds are robust and consistent. The cell type should be
selected in relation with the clinical indication and the primary
objective assigned to the cells, i.e., angiogenesis or myogenesis.
Efforts are required to improve the consistency of cell yields by
methods combining reliability, practicality of implementation,
and realistic approvability by the regulatory authorities. The
timing of cell therapy may also need to be revisited to more closely
approximate the time course of myocardial healing and homing
signals and, along with dosing and route for delivery, repeating
administrations of the cells could even be considered.'®!' As it
is likely premature to launch large-scale mortality trials, surro-
gate endpoints and imaging modalities should be selected so as
to confirm the proof of principle, unravel potential medium- or
long-term safety issues, and provide further mechanistic insights.
In this perspective, the assessment of cell-related morphologi-
cal changes such as infarct size, LV remodeling, or regional wall
thickness areas might be as informative as the commonly used
measurements of global LV function.
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