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Abstract

This review summarizes the results of clinical trials of cell therapy in patients with heart failure (HF). In contrast to
acute myocardial infarction (where results have been consistently negative for more than a decade), in the setting
of HF the results of Phase |-l trials are encouraging, both in ischaemic and non-ischaemic cardiomyopathy. Several
well-designed Phase Il studies have met their primary endpoint and demonstrated an efficacy signal, which is re-
markable considering that only one dose of cells was used. That an efficacy signal was seen 6—12 months after a sin-
gle treatment provides a rationale for larger, rigorous trials. Importantly, no safety concerns have emerged.
Amongst the various cell types tested, mesenchymal stromal cells derived from bone marrow (BM), umbilical cord,
or adipose tissue show the greatest promise. In contrast, embryonic stem cells are not likely to become a clinical
therapy. Unfractionated BM cells and cardiosphere-derived cells have been abandoned. The cell products used for
HF will most likely be allogeneic. New approaches, such as repeated cell treatment and intravenous delivery, may
revolutionize the field. As is the case for most new therapies, the development of cell therapies for HF has been
slow, plagued by multifarious problems, and punctuated by many setbacks; at present, the utility of cell therapy in
HF remains to be determined. What the field needs is rigorous, well-designed Phase lll trials. The most important
things to move forward are to keep an open mind, avoid preconceived notions, and let ourselves be guided by the
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evidence.
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1. Introduction

Heart failure (HF) is a common, expensive, lethal, and disabling condi-
tion. Its prevalence in industrialized nations has reached epidemic pro-
portions (e.g. ~6.5 million in the USA), and continues to rise as the
population ages.! Despite significant advances over the last three deca-
des, the prognosis of patients hospitalized with HF remains poor, and
the 5-year mortality approaches 50%. Therefore, HF constitutes a major
public health problem worldwide, a leading cause of morbidity and mor-
tality, and an increasing burden on healthcare systems around the globe."

Cell therapy is emerging as a promising new approach to HF.23
However, its development has been plagued by a host of problems,* in-
cluding a still unclear mechanism of action; some Phase | and Il clinical tri-

als that were underpowered, poorly-designed, or inconclusive; unrealistic

expectations of rapid Phase Il evidence of efficacy; differences in biologi-
cal properties of the same cell product manufactured in different loca-
tions; hype and misinformation by the media; skepticism or negative bias
by some members of academia and funding agencies; claims of efficacy by
unscrupulous charlatans who seek profit by administering unproven cell
products and charging patients for these procedures; conflicts of interest
of investigators who own equity in cell therapy-related companies; and
above all, tragic instances of scientific misconduct® that have shaken pub-
lic confidence in the entire field, undermining the efforts of hundreds of
principled investigators worldwide who are working in earnest to evalu-
ate the therapeutic potential of cell therapy and its mechanism of action.®
Few experimental therapies have been beset by so many issues.

Will cell therapy survive this perfect storm? No one can answer this
question at present. Dogmatism, prejudice, and a priori nihilism are not
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the way forward. Nor is the attempt to extrapolate mouse data to
humans; given the enormous (and obvious) species differences, such
attempts are misleading. Medicine, and science in general, advances only
through solid scientific evidence. As we pointed out before,* the answer
to the question of whether cell therapy works can only come from rigor-
ous Phase Il clinical trials. There is no telling as to whether or when this
will happen, as it takes courage for investigators to continue working in a
field that is bedevilled by so much controversy and polarization.

The purpose of this review is to summarize current factual informa-
tion pertaining to the use of cell therapy in patients with HF. Because all
clinical trials reported heretofore have focused on HF with reduced ejec-
tion fraction (HFrEF), for simplicity we will use the term ‘HF to designate
HFrEF. We will limit our discussion to clinical studies and will examine
them in chronological order. Our overarching goal is objectivity.
Inasmuch as possible, we will avoid speculations or extrapolations from
rodents to humans; instead, we will emphasize the results of randomized
clinical trials, focusing on those published in the past 10 years. Our inter-
est in HF stems from the fact that current evidence suggests this to be
the cardiovascular condition in which cell therapy is most likely to find
application.”® Trials of cytokines, such as granulocyte colony-stimulating
factor (G-CSF), will not be addressed because randomized, double-blind,
placebo-controlled studies have failed to show a beneficial effect of this
therapy on cardiac function or other endpoints in patients with HF,” a
finding that is also supported by meta-analyses.'°

2. Mechanism of action of cell
therapy: present status

Before reviewing cell-based therapies for HF, it is important to clarify
some key concepts that are at the very foundation of this field.

Despite two decades of intense investigation, the mechanism(s)
whereby transplantation of cells improves the function and structure of
the diseased heart remains elusive. What is clear is that this mechanism
is different from the one which was originally postulated—that trans-
planted cells work by regenerating functional cardiomyocytes. Over the
past 10 years, a series of 12 animal studies by our group' "2 has demon-
strated that although cell therapy consistently improves function in the
infarcted heart, the transplanted cells do not engraft in the myocardium
and do not become cardiomyocytes; instead, they disappear almost

722 (reviewed in ref®)

completely within a few weeks of transplantation
We found that this dissociation between functional improvement and
cell engraftment was consistent and independent of the cell type studied,

6,11-17,20-22

because it occurred both with c-kit-positive cardiac cells and

18,19

with cardiac mesenchymal cells, * "~ two types of cells that are unrelated.

7,23-25

As we pointed out in several reviews, a similar phenomenon has

been observed with virtually all cell types tested heretofore (including

mesenchymal stromal cells (MSCs)* and embryonic stem cells),””® i

r-
respective of their phenotype, regardless of the delivery technique, and
even despite preconditioning manipulations.*® The universal failure of
cells to engraft implies that the beneficial effects of cell therapy must be
mediated by the release of signals/mediators that modify the host myo-
cardium in a favourable manner—the so-called paracrine hypothesis, a
concept that is now accepted by virtually all researchers working in the
cell therapy field.>*”**> Of note, our results with c-kit-positive cardiac
cells"™"72%22 were contrary to the prevailing views on the mechanism
of action of these cells and prompted a paradigm shift in the understand-
ing of this product.®

The paracrine hypothesis, however, raises more questions than it
answers. Although it is now clear that transplanted cells ameliorate the
function of the injured heart via paracrine (or possibly endocrine) mech-
anisms, the nature of these mechanisms (i.e. the specific mediator(s) and
the cellular processes affected) remains enigmatic. This is perhaps the
most significant conceptual problem facing cell therapy today. What ex-
actly are the reparative mediators? And what are their specific actions?
Given that most cells are veritable factories secreting a panoply of
growth factors, cytokines, non-coding RNAs, vesicles, bioactive lipids,
etc., pinpointing the specific components of the secretome that are re-
sponsible for mediating the cells’ actions will be a Herculean task that
may require a very long time, and ultimately may even not be possible.

As for the biological processes that underlie the functional improve-
ment, there are several candidates but none has been proven to be in-
volved thus far. Over the past decade, our laboratory has published many
papers showing that although cardiac function improves after cell trans-
plantation, there is little or no formation of new cardiomyocytes, either
from transplanted cells or from endogenous sources (i.e. from pre-exist-
ing cardiac cells)."" "8 Based on these results, we concluded that the
paracrine actions of the cells do not involve myogenesis or ‘remusculari-
zation’, i.e. the secretome of transplanted cells does not promote forma-
tion of new myocytes from endogenous sources.*** It is important to
keep in mind that formation of new contractile cardiomyocytes need not
be the only mechanism whereby the function of a diseased heart can im-
prove. In principle, other mechanisms unrelated to myogenesis could re-
sult in functional improvement, including angiogenesis, a reduction in
apoptosis, modulation of the extracellular matrix (e.g. reduction in fibro-
sis), or a change in the contractile properties of native cardiomyo-
cytes*?32° Importantly, there is mounting evidence that a persistent
systemic inflammatory state contributes to the progressive deterioration
in left ventricular (LV) function after myocardial infarction (MI) (ischaemic
cardiomyopathy)*~"; since MSCs (the most widely studied cell type) are
well-known to have anti-inflammatory proper‘ties,8 this is another poten-
tial mechanism for the salubrious effects of MSCs transplantation.

The realization that transplanted cells work by paracrine actions has
significant implications. One of the common criticisms of cell therapy is
that the products used are inappropriately claimed to consist of stem
cells. This is true: many studies, both preclinical and clinical, have used
cells that were incorrectly referred to as ‘stem cells’ (i.e. cells that can dif-
ferentiate into new cardiac cells) even though they did not meet the strict
criteria for stem cells, or at least they were not demonstrated to meet
those criteria. However, this incorrect labelling is hardly relevant to the
clinical utility of cell-based therapies. It does not matter whether the cells
being transplanted are truly stem cells or not and whether or not they
have the potential to differentiate into cardiomyocytes or other cell
types; since they do not engraft, their stemness would not lead to remus-
cularization anyway. What matters is what cells do, not how we call
them. We believe it is important to move beyond nomenclature and fo-
cus on the therapeutic effects of a cell product rather than its taxonomy.

While our understanding of how transplanted cells work is inadequate
and evolving, this should not be a reason for stopping clinical research.
Unfortunately, the uncertainty regarding the mechanism of action of cell
therapy has been used by anonymous>> and non-anonymous>>>* editori-
alists as an argument to advocate a moratorium on all cell therapy trials.
This position is unwarranted. The experience garnered with cell therapy
over the past 20 years in thousands of patients has shown it to be re-
markably safe,”*® and Phase | and Il trials of MSCs have been encourag-
ing, as reviewed below. Moreover, the practice of medicine is replete
with examples of widely-used and accepted therapies whose mechanism
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of action remains unclear. A case in point: administration of statins is con-
sidered a class |A indication (strongest possible indication) for acute cor-
onary syndromes,35 yet just how statins exert their beneficial effects in
these patients is unknown. The argument that only therapies with a well-
delineated mechanism of action should be investigated in humans would
eliminate many treatments that are an integral part of our therapeutic ar-
mamentarium. Given that cell therapy is safe and promising (as discussed
in this review), it seems unreasonable to cease clinical trials until the
mechanism of action is ascertained—an outcome that may not be
achievable for a long time, if ever. It is more reasonable to conduct rigor-
ous, well-designed trials while also probing the mechanism of action in
basic studies.*

In summary, countless studies performed over the past 20 years have
demonstrated beyond reasonable doubt that transplantation of various
types of cells improves the function of the injured heart in many different
animal models, particularly in models of acute or chronic MI***®
However, the underlying mechanism of action remains poorly under-
stood. A large body of work from our laboratory, published during the
past decade, 24671125 2628 |
debunked the initial hypothesis that cell therapy results in cardiac regen-
eration; instead, these studies have shown that transplanted cells do not
engraft, do not become myocytes, and do not promote formation of

along with work by other groups,

new myocytes from endogenous sources, which means that they im-
prove cardiac function despite the absence of detectable myocardial re-
generation or remuscularization 27112 Consequently, the salubrious
effects of cell therapy must be underlain by other mechanisms, such as
reduction in myocardial fibrosis, inflammation, and/or apoptosis and aug-
mented vasculogenesis. Identification of these mechanism(s) is arguably
the most important question in the field of cell therapy.

3. Clinical trials of cell therapy in
heart failure

3.1 Unfractionated bone marrow

mononuclear cells

Unfractionated bone marrow (BM) mononuclear cells (BM-MNCs) are
a heterogeneous population that encompasses a variety of myeloid and
lymphoid cells as well as small fractions of MSCs, endothelial progeni-
tors, and haematopoietic stem cells. They are relatively easy to obtain
via BM aspiration, since they do not require culture or expansion.
Probably because of this, BM-MNCs were the first cell type to be investi-
gated in patients with HF.

3.1.1 Ischaemic cardiomyopathy

In the setting of ischaemic cardiomyopathy (Table 1), early reports of effi-
cacy®**¢ were not confirmed in the largest and most rigorous study of
BM-MNGCs in HF to date, FOCUS CCTRN, published in 2012
(Table 1).3¢ FOCUS was a randomized, placebo-controlled, double-
blind, Phase Il trial in which 92 patients with ischaemic HF were given
100 x 10° autologous BM-MNCs or placebo by transendocardial injec-
tion. LV volumes and LV ejection fraction (LVEF) were assessed by echo-
cardiography. At 6 months, there was no improvement in LV end-
systolic volume (LVESV) index (the primary endpoint), LVEF, functional
capacity (maximal O, consumption), or myocardial perfusion defect.
These negative results are congruent with those of TAC-HFT, which
injected the same dose of BM-MNCs in the same population (patients
with ischaemic HF).*?

3.1.2 Non-ischaemic cardiomyopathy

Similar results have been obtained in the setting of non-ischaemic cardio-
myopathy (Table 2). The positive results of an early, open-label pilot
study (TOPCARE-DCM), published in 2009, that assessed the effects of
intracoronary infusion of BM-MNCs at 3 months’’ were not confirmed
in the subsequent larger, double-blind MiHeart study, published in
2017.7° MiHeart was a randomized, double-blind, placebo-controlled
trial of BM-MNC:s, given intracoronarily, in 160 patients with non-ischae-
mic dilated cardiomyopathy. At 12 months, there were no differences in
LVEF or LV volumes (assessed by echocardiography), functional capacity,
or quality of life between the two treatment groups. Similar negative
results were reported in the Chagas disease arm of the MiHeart study,
published in 2012,"% and in the study by Xiao et al.,”* published in 2017,
where 53 patients with non-ischaemic cardiomyopathy were given BM-
MNCs or BM-MSCs intracoronarily; at 12 months, LVEF [assessed by
magnetic resonance imaging (MRI)] was improved in the BM-MSC group
but not in the BM-MNC group.

The REGENERATE-DCM study, published in 2015, differs from the
above trials because it tested the combination of BM-MNCs and G-
CSF? In this randomized, double-blind, placebo-controlled, Phase II
study, patients with non-ischaemic cardiomyopathy received subcutane-
ous injections of G-CSF for 5 days; in addition, they were given either au-
tologous BM-MNC:s (15 patients) or serum (15 patients) intracoronarily
(all three coronary arteries). The trial met its primary endpoint, which
was the change in LVEF from baseline to 3 months. The group treated
with G-CSF and BM-MNCs exhibited a significant (5.4%) increase in
LVEF at 3 months, which was maintained at 1year and was associated
with significant improvements in New York Heart Association (NYHA)
class, exercise capacity, and quality of life, and a decrease in N-terminal
pro-brain natriuretic peptide (NT-proBNP) at 1year. In contrast, there
was no improvement in any of these endpoints in the group treated with
G-CSF and serum. These results demonstrate that the combination of
intracoronary BM-MNCs and G-CSF is superior to G-CSF alone, but do
not clarify whether BM-MNC:s alone would be efficacious.

In summary, current evidence indicates that unfractionated BM-
MNGCs are not effective in either ischaemic or non-ischaemic HF.
Consequently, investigation of these cells has been largely abandoned,
and the focus has turned to specific cell types, such as BM-MSCs.

3.2 Mesenchymal stromal cells

3.2.1 Definition and properties of MSCs

MSCs are defined as cells that (i) express the surface markers CD105,
CD73, and CD90, (ii) lack haematopoietic markers (CD45, CD34,
CD14/CD11b, CD79 alpha, CD19, and HLA-DR), (iii) adhere to plastic
in permissive culture conditions, and (iv) are able to differentiate into
cells of mesodermal origin, including chondrocytes, osteoblasts, adipo-
cytes, and fibroblasts.”” Although differentiation of MSCs into skeletal
myocytes, endothelial cells, and cardiomyocytes has been reported,2>53
it is highly controversial. MSCs can be isolated from various tissues in-
cluding BM, adipose tissue,®* umbilical cord (UC) matrix (Wharton's
jelly),85 UC blood,?® and dental pulp. We have recently demonstrated
that MSCs with reparative properties can be isolated from myocar-
dium."® MSCs are rare cells: for example, their prevalence is ~1 in 10—
15000 cells in BM and ~1 in 100 000 cells in peripheral blood.?”

MSCs have many characteristics that make them attractive candidates
for cell therapy in HF.2® They are relatively easy to isolate and expand.
They exert powerful paracrine actions via secretion of a wide variety of
antifibrotic, antiapoptotic, and proangiogenic factors (including
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cytokines, growth factors, miRs, and bioactive lipids), release of extracel-
lular vesicles, transfer of mitochondria,89 and production of matrix met-
alloproteinases and other molecules that favourably affect the
composition of the extracellular matrix’®"" (reviewed in refs.88'91) In ad-
dition, MSCs possess anti-inflammatory and immunosuppressive proper-
ties.88727% All of these actions would be expected to be beneficial in
chronic HF, where increased apoptosis,” reduced vasculogenesis,”®

29,30 . .. .
and progressive deposition of in-

chronic, low-grade inflammation,
terstitial collagen31'97 are thought to play an important role in the pro-
gression of the disease. Indeed, experimental studies have demonstrated
that MSCs exert antifibrotic, immunomodulatory, and pro-angiogenic
effects in vivo in experimental models of HF.***>#8 Clinical trials have
shown systemic anti-inflammatory and immunomodulatory actions of i.v.
MSC therapy in various conditions, including HF,”* graft-vs.-host disease
(GVHD), multiple sclerosis, amyotrophic lateral sclerosis, systemic
lupus erythematosus, chronic obstructive pulmonary disease, and
Crohn’s disease.”®

Although early studies used autologous MSCs, the field of cell therapy
has now shifted decisively towards allogeneic MSCs (and allogeneic cells
in general). Allogeneic cell products offer many advantages, including
freedom from patient-to-patient variability, greater cost-effectiveness
for large scale production, and the ability to use cells from young, healthy
donors, thereby avoiding the functional impairment of cell products
obtained from elderly patients with multiple co-morbidities.'**"%” The
fact that MSCs lack major histocompatibility type Il antigens, coupled
with their ability to secrete anti-inflammatory factors, makes them par-
ticularly suitable for allogeneic cell therapy. Numerous clinical trials have
shown that infusion of allogeneic MSCs is safe and does not elicit im-

i . 37,50,72,9899,102,103,108-115
mune rejection against the transplanted cells,

even when repeated multiple times,789%.102:103.109-112

For all of the above reasons, among the various cell types tested in
HF, MSCs (initially autologous, more recently allogeneic) have been
studied most intensely and hold the greatest potential for clinical applica-

tion in the near future.

3.2.2 Bone marrow-derived MSCs

Although their precise mechanism of action remains unclear,”® the use
of BM-derived MSCs (BM-MSCs) in chronic HF has yielded promising
results both at the preclinical and clinical levels,>® and translation has ad-
vanced quickly. At the preclinical level, considerable evidence supports
the ability of autologous or allogeneic BM-MSCs to improve cardiac
function and decrease scar size in small and large animal models of
chronic ischaemic cardiomyopathy.>?* This robust body of evidence has
provided the groundwork for a bevy of clinical trials of BM-MSCs in
patients with ischaemic and non-ischaemic HF, which are summarized
below and in Tables 1 and 2. Two trials***® are not discussed here be-
cause they were not randomized, not blinded, and not placebo-con-
trolled. In addition, the PROMETHEUS*! and PERFECT *® trials are not
discussed because intramyocardial injection of cells cell was performed
during coronary artery bypass graft surgery, making it difficult to separate
the effects of one intervention from the other.

3.2.2.1 Ischaemic cardiomyopathy. The POSEIDON trial, published
in 2012, was the first study to compare autologous and allogeneic MSCs
in patients with ischaemic HF (Table 1).>” In this randomized Phase I/ll
study, three doses of autologous or allogeneic BM-MSCs (20, 100, and
200 x 10° cells) were given transendocardially in 30 subjects. At
12 months, both allogeneic and autologous MSCs reduced scar size by
33% and improved the sphericity index, suggesting improved LV

remodelling. Allogeneic cells, however, appeared to be more effective in
that they significantly reduced LV end-diastolic volume (LVEDV)
whereas autologous cells did not. POSEIDON was important because it
was the first trial to support the concept that allogeneic MSCs may be
superior to autologous MSCs. The limitations were the small sample size
and the lack of a placebo control group.41

A significant advance in cell therapy for HF came with TAC-HFT, pub-
lished in 2014, a Phase Il randomized, double-blind, placebo-controlled
trial that compared the effects of 100 x 10° autologous BM-MNCs, au-
tologous 100 x 10° BM-MSCs, or placebo, given transendocardially, in

F42 At 12months after treatment, there

65 patients with ischaemic H
was no improvement in LV volumes or LVEF in either cell-treated group;
however, quality of life (measured by the MLHFQ score) improved with
both BM-MNCs and BM-MSCs. BM-MSCs (but not BM-MNC:s) also pro-
duced a reduction in scar size (-19%) and an increase in the 6-min walk
distance. Overall, the results of TAC-HFT suggest that administration of
BM-MSCs is therapeutically more effective than that of BM-MNCs, pos-
sibly because of greater antifibrotic activity, leading to scar size
reduction.

An important clinical trial of MSCs in chronic HF is MSC-HF, a ran-
domized, double-blind, placebo-controlled, Phase Il study in which autol-
ogous BM-MSCs were injected transendocardially in 60 patients with
ischaemic HF; the 6-month results were published in 2015,>* and the 4-
year follow-up in 2020.°°> At 12months after MSC administration,
patients exhibited a highly significant improvement in the primary end-
point (change in LVESV) relative to placebo (-17 mL; P <0.0002), which
was associated with a highly significant improvement in LVEF (+6.2 units;
P<0.0001), myocardial mass (+9.8g; P=0.09), and quality of life
(Figure 1). The long-term follow-up demonstrated that at four years the
incidence of angina was significantly reduced in the MSC group.>® MSC-
HF is notable because it met its primary endpoint.* The results of this
well-designed trial provide strong evidence supporting the utility of cell
therapy in HF. It should also be noted that MSC-HF utilized autologous
MSCs. As discussed above, allogeneic MSCs obtained from young,
healthy donors may be more effective, a concept supported by the
results of both POSEIDON®’ and POSEIDON-DCM.”* Thus, it is possi-
ble that the beneficial effects reported in the MSC-HF trial with autolo-
gous MSCs could be even greater with the use of allogeneic MSCs.

Since patients received different numbers of BM-MSCs, this trial pro-
vided information regarding the dose-response relationship.”*>> When
patients were divided into tertiles based on the number of BM-MSCs
injected, significantly greater reductions in LVESV and LVEF were ob-
served with doses >83 x 10° million cells (upper tertile) compared with
the lower tertile (<43 x 10° cells), suggesting a positive relationship be-
tween number of BM-MSCs administered and outcome. This conclusion
is corroborated by the results of the TRIDENT study, published in 2017,
which was a randomized, double-blind trial that compared transendocar-
dial administration of 20 x 10° or 100 x 10° allogeneic BM-MSCs in 30
patients with ischaemic HF* After 12 months, both doses were associ-
ated with improvement in 6-min walk distance and reduction in scar size;
however, only the higher dose of 100 x 10° cells improved LVEF
(+3.7%), whereas the 20 x 10° cell dose produced no change, suggest-
ing the therapeutic superiority of the higher dose. Taken together, the
results of MSC-HF and TRIDENT support the use of doses of BM-MSCs
in the 100-150 x 10° range when cells are given transendocardially. For
MSC-HF, however, an alternative explanation is possible, namely, that
the greater efficacy of higher cell doses may have reflected the greater
proliferation and therapeutic efficacy of the cells.
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Figure | Effect of autologous BM-MSCs on LV end-systolic volume (A) and ejection fraction (B) in the MSC-HF trial. Reproduced with permission from re

The recently released results of CONCERT-HF (NCT02501811)
[Table 1; see below section on c-kit-positive cardiac cells (CPCs) for
details] show that administration of autologous BM-MSCs to patients
with chronic ischaemic HF did not improve LV function or reduce scar
size at 12months but it did improve quality of life (measured by the
MLHFQ score).?® These beneficial effects of BM-MSCs on quality of life
despite no improvement in LV function are similar to those observed in
TAC-HFT* but differ from those in MSC-HF>®; the reasons for this ap-
parent discrepancy are unclear.

The largest trial of cell therapy for HF to date is, by far, DREAM-HF
(NCT 02032004).% Its results have recently been released in part by the
sponsor.63 DREAM-HF was a randomized, double-blind, sham-con-
trolled, Phase Il study conducted in 55 sites across North America. A to-
tal of 565 patients with ischaemic or non-ischaemic HF were
randomized; of these, 537 received either transendocardial injection of
150 x 10° allogeneic BM-MSCs (selected with anti-STRO-3 antibodies)
(n=261) or a sham-control catheterization procedure (no placebo)
(n=276) and were followed for a median of ~30months. The as-
treated results show that the trial did not meet its primary endpoint, i.e.
a reduction in recurrent HF-related hospitalizations. However, there
were significant effects on other pre-specified endpoints. Patients treated
with MSCs exhibited a 60% reduction in Ml or stroke (P=0.002) and a
30% reduction in overall major adverse cardiac events (MACE) (cardiac
death, MI, or stroke) (P=0.027) (Figure 2). In NYHA class I patients,
MSC treatment was associated with a 60% reduction in cardiac death
(P=0.037). Covariate regression analyses suggested that elevated base-
line levels of C-reactive protein, an important biomarker of systemic in-
flammation, predicted the effects of MSCs both on MACE in the entire
patient cohort and on cardiac death in NYHA class Il patients, which is
consistent with the proposed anti-inflammatory mechanism of action of
MSCs.*?

The long-awaited results of DREAM-HF mark a pivotal point in the
development of cell therapy. For the first time, a large, well-designed
Phase Ill trial has demonstrated beneficial effects of cell therapy on hard
clinical endpoints (cardiac death, M, stroke) in HF patients. Of note,
these effects occurred after a single dose of cells and in patients on maxi-
mal guideline-directed medical therapy for HF. Although HF hospitaliza-
tions (the primary endpoint) were not decreased significantly, the
reduction in cardiac death, stroke, and Ml (secondary endpoints)

End-systolic volume B

Ejection fraction
p < 0.0001

B MSC
Bl Placebo

6M 12ZMm 6M 12ZMm

f-.SS

represents an important clinical outcome that should be tested as the
primary endpoint in a new trial. If this new trial confirms the reduction in
MACE observed in DREAM-HF, it would lead to FDA approval of MSCs
for HF. On the other hand, several caveats must be kept in mind. At the
time of this writing, the results of DREAM-HF have not been published
or presented at scientific meetings, and only part of these results have
been released by the sponsor. In particular, intention-to-treat results are
not available. Whether secondary endpoints, such as LV volumes and
function, NT-proBNP, and other clinical outcomes (e.g. functional capac-
ity and quality of life) were improved by MSCs is not known. Nor is there
a clear mechanism for a decrease in MACE without a reduction in HF-re-
lated hospitalizations. Nevertheless, the results of DREAM-HF are excit-
ing and should rekindle interest in cell therapy among physicians,
investigators, biomedical companies, and granting agencies. There is no
precedent for a single dose of a therapy to produce a long-lasting im-
provement in clinical outcome over the subsequent 30 months.

3.2.2.2 Non-ischaemic cardiomyopathy. As mentioned, DREAM-
HF included both ischaemic and non-ischaemic cardiomyopathy patients
(Table 2). Several trials of BM-MSCs in non-ischaemic cardiomyopathy
have been reported (Table 2). POSEIDON-DCM, published in 2017, was
a randomized trial that compared the effects of autologous and alloge-
neic BM-MSCs, administered transendocardially, in 37 patients with idio-
pathic non-ischaemic cardiomyopathy.”? At 12 months after treatment,
patients given allogeneic BM-MSCs, but not those given autologous BM-
MSCs, exhibited a significant increase in LVEF (4-8 EF units), which was
associated with a greater improvement in the 6-min walking distance and
incidence of MACE than in patients receiving autologous BM-MSCs. The
increase in LVEF was not accompanied by a reduction in LVEDV, indicat-
ing that allogeneic BM-MSCs did not affect LV remodelling. Plasma tu-
mour necrosis factor-alpha levels decreased with both autologous and
allogeneic BM-MSCs, but the reduction was greater with the former.
Similar to the POSEIDON study in ischaemic cardiomyopathy,’’
POSEIDON-DCM supports the therapeutic superiority of allogeneic
BM-MSCs over autologous BM-MSCs; however, because of the lack of a
control group, conclusions regarding the therapeutic efficacy of BM-
MSC therapy are not possible.”*

In 2017, Butler et al”" reported the results of a trial in which patients
with non-ischaemic cardiomyopathy were randomized to i.v. BM-MSCs
(n=10) or placebo (n=12) (Table 2). At 3months, there was
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EFFECT OF CELL THERAPY ON MACE IN PHASE Ii/ll
RANDOMIZED, DOUBLE-BLIND TRIALS

X ix-CELL-DCM' CONCERT-HF? DREAM-HF®
©
o n=109, ITT T n=125, ITT o n=537, AT
< 37% reduction 2 68% reduction W 30% reduction
ko) (P=0.03) = (P=0.06) 2 (P=0.03)
S H | =
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Figure 2 Randomized, double-blind, Phase Il or Il trials that have found improvement in a hard endpoint (reduction in MACE) in patients treated with
cell therapy despite lack of improvement in LV function. *MACE: all-cause death, cardiovascular hospitalization, or HF exacerbation. #“HF-MACE: all-cause
death, HF hospitalization, or HF exacerbation. SMACE: cardiovascular death, MI, or stroke. AT, as-treated analysis; ITT, intention-to-treat analysis.

TRef16": 2Ref % 3Ref >

improvement in LV function, 6-min walking distance, and KCCQ score
in treated but not in control patients, suggesting that i.v. administration
of MSCs may improve clinical parameters in non-ischaemic cardiomyop-
athy. In addition, there was a reduction in circulating NK cells in treated
patients, providing further evidence of systemic immunomodulatory
effects of i.v. MSCs, consistent with the effects of i.v. MSCs in murine
models of ischaemic cardiomyopathy.''®

In the same year, Xiao et al”? published the results of a randomized,
double-blind, placebo-controlled comparison of BM-MSCs, BM-MNCs,
and placebo, given intracoronarily, in 53 patients with dilated cardiomy-
opathy. At 12 months, administration of BM-MSCs, but not BM-MNC:s,
resulted in an increase in LVEF and NYHA class compared with placebo,
again supporting the superiority of the former vs. the latter, in agreement
with the TAC-HFT trial in ischaemic cardiomyopathy.**

The recently reported SENECA trial was a Phase |, randomized, pla-
cebo-controlled, double-blind, multicentre study of allogeneic BM-MSCs
in cancer survivors with anthracycline-induced cardiomyopathy
(Table 2).”>7® It was the first trial to use cell therapy in this population.
Patients were randomized to transendocardial injection of allogeneic
BM-MSCs (n=14) or placebo (n=17) and followed for 12months.
There was no safety signal and the protocol was feasible. Although this
first-in-human study was small and not powered for efficacy, functional
capacity (6-min walking distance) and MLHFQ score were significantly
improved in cell-treated patients; other efficacy measures (LV function
and volumes, scar size, and NT-proBNP) did not differ significantly.”®
SENECA lays the groundwork for larger Phase Il trials aimed at assessing
the efficacy of cell therapy in patients with anthracycline-induced
cardiomyopathy.

Taken together, the trials of BM-MSCs published to date in chronic
HF suggest that these cells are safe, that they are superior to BM-MNCs,
and that they may improve one or more endpoints including LV function,

LV remodelling, quality of life, functional capacity, and/or MACE, particu-
larly in patients with ischaemic cardiomyopathy. However, definitive
conclusions must await the publication of DREAM-HF, the release of
two ongoing trials of adipose-derived regenerative cells (ARDCs)
(Table 3), and possibly further Phase Il trials.

3.2.2.3 Ongoing trials in HF. Ongoing or recently completed and not
yet published studies of BM-MSCs in HF (Table 3) include DREAM-
HF243 (vide supra) and STEM VAD (NCT03925324), a randomized, pla-
cebo-controlled, double-blind study of allogeneic BM-MSCs in patients
with HF requiring LV assist device implantation (Table 3).

3.2.3 ‘Cardiopoietic’ bone marrow-derived MSCs
‘Cardiopoietic’ cells are BM-MSCs that have been modified by exposing
them to a specific cocktail to promote lineage specification towards car-
diovasculogenesis and to enhance their therapeutic potential.' The first
study with these cells, the C-CURE trial, published in 2013, was a Phase Il
multicentre, randomized study of 48 patients with ischaemic cardiomy-
opathy*® (Table 1). It was an open-label study with two arms comparing
cardiopoietic cells (delivered transendocardially) and standard care vs.
standard care. At 6 months after treatment, patients treated with autolo-
gous cardiopoietic cells exhibited improved LVEF, LVEDV, LVESVY, and
functional capacity (6-min walking distance) compared to standard care.
This study, however, was not double-blind or placebo-controlled; fur-
ther, an as-treated analysis was used and LV function was assessed by
echocardiography rather than by MR, the gold standard.

The encouraging results of C-CURE led to a larger, Phase Ill, sham-
controlled, double-blind study (CHART-1) that randomized 315 patients
with ischaemic cardiomyopathy to transendocardial injection of autolo-
gous cardiopoietic cells (n=157) or sham procedure with no cell injec-
tion (n=158) (control patients received cardiac catheterization only)*’
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(Table 7). After 39 weeks, there was no difference in the primary end-
point, which was a hierarchical composite of multiple endpoints, includ-
ing mortality, worsening HF, MLHFQ score, 6-min walking distance,
LVESV, and LVEF (measured by echocardiography). However, subgroup
analyses revealed a significant improvement in the composite outcome
in patients with more dilated left ventricles at baseline (LVEDV
>200 mL), which were 60% of the population, as well as in patients with
baseline LV volumes greater than the median, suggesting that the subset
of the population with more severe cardiac dilation may benefit from
these cells. In addition, at the 1-year follow-up, the cell-treated group
exhibited a significant reduction in both LVEDV and LVESV, which were
secondary endpoints (LVEF did not differ significantly).

The limitations of CHART-1 include the use of echocardiography to
assess LV function and the lack of a placebo-treated group. Taken to-
gether, however, the results of this trial may not be as ‘negative’ as im-
plied by the failure to meet the primary endpoint. Although
cardiopoietic cells did not benefit the population of HF patients as a
whole, the results suggest that cardiopoietic cells may have salutary
effects on LV remodelling and may be useful in patients with greater LV
dilatation, a hypothesis that would have to be prospectively tested with
another trial. This, unfortunately, is unlikely to be feasible in the present
climate. CHART-1 is an excellent example of the difficulties encountered
in developing new cell therapies and selecting the optimal target popula-
tion of patients.

3.2.4 Umbilical cord-derived MSCs
MSCs derived from the UC, and especially from the gelatinous substance
that constitutes the UC primitive connective tissue (Wharton’s jelly), are
a promising cell type for the treatment of heart disease. These cells share
the beneficial properties of BM-MSCs, including low immunogenic
potential and immunosuppressive, anti-inflammatory, anti-fibrotic, and
pro-angiogenic actions.”'>7'?’ Compared with BM-MSCs, however,
UC-MSC:s offer several advantages, including wide availability, easier iso-
lation, higher proliferative capacity, less cellular ageing, and ability to be
expanded ex vivo with high genomic stability and full clonogenic potential;
furthermore, they do not require invasive harvesting procedures, and
because of the abundance of donors and their higher proliferative rate,
are less expensive to produce in large quamti‘cies.zmn’129 Importantly,
there is evidence that UC-MSCs are more potent than BM-MSCs (since
they are derived from a much younger organism). They secrete numer-
ous pro-angiogenic factors [including vascular endothelial growth factor
(VEGF), angiopoietin-1, hepatocyte growth factor (HGF), and transform-
ing growth factor(TGF)-beta1'*®] and exert pro-angiogenic actions
in vivo."3132 In vitro studies have shown that, compared with BM-MSCs,
UC-MSCs exhibit less senescence and superior clonogenicity, migration,
lymphoproliferative suppression,133 and paracrine actions (e.g. they se-
crete much larger quantities of cytokines such as HGF).*® Various cell
types are present in the UC; among these, the MSCs obtained from
Wharton'’s jelly appear to have the greatest therapeutic po‘cen‘cial.129
The anti-inflammatory and immunosuppressive properties of
UC-MSCs have been well documented, as detailed elsewhere.">* For ex-
ample, in the RIMECARD trial (vide infra), UC-MSCs were shown to in-
hibit proinflammatory T cells in vitro.>® In a murine model of acute Ml, i.v.
infusion of UC-MSCs at 48 h after coronary ligation reduced pro-inflam-
matory M1-type macrophages and increased M2-type macrophages, an

effect that appeared to be mediated by UC-MSC-derived interleukin-
10,135

Regarding efficacy, many preclinical studies have documented the abil-
ity of UC-MSCs to improve LV function in various animal models of
acute Ml or chronic HF."**"* |n a swine model of acute M, intramyo-
cardial injection of UC-MSCs was reported to reduce apoptosis and fi-
brosis and to improve LV remodelling and function."* Improvement in
cardiac remodelling was also reported in rats that received intramyocar-
dial injections of UC-MSCs after MI"** and in models of dilated (non-
ischaemic) cardiomyopathy."*~"* In a swine model of chronic ischaemic
cardiomyopathy, i.v. administration of UC-MSCs increased LVEF, frac-
tional shortening, myocardial perfusion, angiogenesis, and collateral de-
velopment, and reduced apoptosis and fibrosis.">” Anti-apoptotic and
anti-fibrotic actions of UC-MSCs have also been documented in rodent
models of chronic HF.'"?® Finally, UC-MSCs enhance angiogenesis
in vitro and in vivo through up-regulation of various proangiogenic factors
and chemokines, including VEGF, angiopoietin, and MCP-1 among
others.'?>12¢

In the clinical arena, only a handful of studies have evaluated UC-
MSCs in patients with heart disease (Table 4). The most important is the
RIMECARD trial,”® a Phase |, randomized, double-blind, and placebo-
controlled study in which patients with ischaemic or non-ischaemic car-
diomyopathy received an iv. infusion of UC-MSCs (1 x 10° cells/kg) or
placebo (n=15 per group) and were followed for 1year. None of the
patients tested developed alloantibodies to the injected cells. In patients
given UC-MSGCs, there was a significant improvement in LVEF (assessed
both by echocardiography and MRI) vs. baseline that became apparent at
3 months and was maintained at 6 and 12 months; no such improvement
was observed in the placebo group. Throughout the follow-up period,
the NYHA class, MLHFQ score, and KCCQ score all improved in the
UC-MSC-treated group, but not in the control group. Studies in vitro
showed that UC-MSCs and BM-MSC:s inhibited T-cell proliferation to a
similar extent, suggesting similar immunosuppressive properties. The
secretomes of the two cell types were also similar, but UC-MSCs exhib-
ited much higher expression of HGF and greater migration capacity.™ In
conclusion, RIMECARD provided evidence that i.v. administration of
UC-MSCs improves LV function, functional status, and quality of life in
patients with HF of ischaemic or non-ischaemic origin.>

The remaining studies have used intracoronary infusion of UC-MSCs
(Table 4). A randomized Phase | trial"* reported improvement in LVEF
and 6-min walking distance at 6 months after intracoronary infusion of
UC-MSCs in patients with chronic HF. In a randomized, double-blind
study of 116 patients with ST-elevation myocardial infarction (STEMI),
intracoronary infusion of UC-MSCs increased myocardial viability and
LVEF 18 months later."*® Observational studies suggest improved LVEF
after intracoronary infusion of UC-MSCs in patients with ischaemic HF
(LVEF: 38.6 + 5.1)."" Interestingly, many studies have reported beneficial
effects and anti-inflammatory actions of UC-MSCs (mostly given i.v.) in
non-cardiovascular settings such as multiple sclerosis, spinal cord injury,
systemic lupus erythematosus, rheumatoid arthritis, ulcerative colitis,
Crohn’s disease, and GVHD 23157163

In summary, UC-MSCs share the beneficial properties of BM-MSCs
but offer many biological, financial, and logistic advantages over BM-
MSCs. Extensive preclinical data, as well as initial clinical data from one
study of iv. infusion (RIMECARD) and several studies of i.c. infusion of



R. Bolli et al.

964

-DkJ) UOID3[e ‘43 DWN|OA DI|0ISBIP-pUS ‘AT ‘WeJSOoIpJIBd0Yd ‘0YdT tUOISN)II0 AUSLIB AIBUOIOD JIUOIYD ‘O 1D si01dad BulSUE JO BULIODS JBJNISBACIPIED UBIPBUERD) ‘SDD) ‘UONIIBIUI |BIPJBIOAW S1NJE |||V ‘9SB3.109p S91Bd|pU

'9Jes 9q 03 punoyj a4aMm SDS|A AJI3f s,UoLIBYAA A1JeS T8 payoo) Apmas siy |,
'S]192 |BWOIS |BWALDUSSSU PRAIISP-PI0D [edIIquin ‘“DSIW-DN uained 1d sjqesndde Jou ‘N BuiSew 9dueUOSaU d1IBUSBW ‘Y|4l B)2LIUSA Y] ‘AT SUIPUSISSP JOLIDIUR Y3) ‘(Y] “UONDIBIUI |RIPIED
-0Aw uoneAse-1 S ‘I3 1S Aydeidowol paandwod uoissiwe uojoyd-s)3uls ‘| HIJS ‘snousreul ‘Al ‘AyredoAwolpaed d1WaeYdS! ‘|| ‘AJeUOIOdBAUI ‘D) BJNjie) 1ueay ‘4H AdeJay) jedipaw pa1dauip-aulapIing ‘| |NJO PWNJOA J1]0ISAS-pUd ‘AST fuon

asea.du] SaledIpuUl

‘uonedngnd Jo JapJo |edIS0)ouo.IYd Ul PaIsl) e Sjell |

VN

VN

VN

VN

d | sidg

VN

VN

VN

Isdg

81\

VN

VN

VN

VN

v

VN

INeER!

ap 1
‘sidz | AS3
‘sid e | AQ3

VN

VN

VN

i 123dS/THdN

! IYIN / 0423

1d
Lsd g i

LW 1D3ds/oua3

VN 14N /0423

L oya3/103ds

ol

Al

Al

2l

2l

2l

ogvD
'SA DY
+(,0L x
ST-07) SONW
-INg 40 (,01

X T) SOSW-DN
ogeoed
SA SDOSIA

DN 3501 X |

SOSW
-DN 501 X 01§

SOSW
DNg0L X §
50L X 0L X €

(Ana!
S,UOLIBUYANA)
SOSW
DN 40l X 0€
ogaoe|d
“sA (Anaf
S ,UOLIBUANA)
SOSW-DN 401 X9
1NAdS
SALNASD
+ SOSW-ON

6/

0€

Sl

oL

9Ll

syuow 9

syuow 7|

syuow 7|

syuow 7

syuow 7|

sypuow gl

syuow 9

ou

tsah {(weyg) oN

s34 s34 ‘o A

J0u 30U JON

10U 30U 0N

10U 30U 0N

s34 {saK ‘o A

i ‘sak 'oN

%S¥—SC 43 ‘WO

%0%> 43 ‘WDI

%0t >43 ‘WDI
saeak

08< 93e ‘euiSue

AFIISDD ‘'OLD
UM JH dlLeeyds|

%Sy > 43N IV

IW3LS ®Inov
%S¢ >43
‘4H dlwseyds|

-UuouU J0 dIWeYdS|

I

I

I

I

0
ued
‘b

PSLES

19 12onjoLIEY

0sAUVIINIY

N ] Suey

RLEh

e 051 1P
EENEININ

mvlc 19 oen)

g, 10 12 OBYZ

100

fypedes
Jeuonodung

sse)d
VHAN

azis
Jesg

SaWIN)OA AT

uoijyenjeas

43A jurodpugz

Poyzaw
JSEYNITYq]

sdnou8
juawWjea)
pue asop 112D

u

dn
-moj)j04

punqg-siq

-nop {paziwop
-ueuJ {pajjoay
-uod oqade|d

Sunyes jesiuny aseyd

el

AyredoAwoipaed s1waeydsi-uou 40 d1WAeYIS] Ul SHSW-DN JO Sield 1ed1und ¥ ajqeL



Cell therapy in heart failure

965

UC-MSCs, are encouraging and warrant further investigation of these
cells.

3.3 Adipose-derived regenerative cells and
adipose-derived MSCs

The term ‘adipose-derived regenerative cells’ (ARDCs) has been used to
indicate a heterogeneous population of cells, obtained from the vascular
stromal fraction of adipose tissue, that includes endothelial cells, smooth
muscle cells, pericytes, macrophages, and a high proportion of MSCs and
CD34+ cells."®*"? ADRCs can be readily obtained by fat harvest (lim-
ited liposuction) with automated, same-day processing without requiring
culture or expansion. Preclinical studies have suggested beneficial effects

23,169,171-173 ischae-

of ARDCs in animal models of acute’”® and chronic
mic cardiomyopathy, providing a rationale for translational efforts.

The first clinical trial of ADRCs, published in 2014, was the PRECISE
trial, a Phase |, randomized, placebo-controlled, double-blind study that
examined the effects of transendocardial injection of autologous ADRCs
cells in patients with chronic ischaemic cardiomyopa‘chy43 (Table 1).
Twenty-seven patients were randomized to three escalating doses of
ADRCs or placebo, resulting in small group sizes (only six control
patients). The study demonstrated safety and feasibility; although neither
LV volumes nor LVEF was improved, functional capacity (peak VO,) was
preserved in the cell-treated group whereas it declined significantly in
the control group at 18 months. In addition, MRI showed improvement
in wall motion in cell-treated patients at 6 months. The trial was limited
by the small sample sizes, imbalances in age (treated patients were
older), and lack of MRl data after 6 months; nevertheless, it suggested po-
tential efficacy.

The ATHENA trials, published in 2017, were undertaken in follow-up
to PRECISE with the goal of assessing the efficacy of ADRCs (Table 7).
Unfortunately, they were terminated prematurely because of two cere-
brovascular events that were deemed not related to the cell product it-
self but instead to the underlying disease and to the procedure. The
ATHENA programme consisted of two parallel, randomized, double
blind, placebo-controlled, phase Il trials that studied transendocardial ad-
ministration of ADRCs in 31 patients [40 x 10° cells, n =28 (ATHENA)
or 80 x 10° cells, n = 3 (ATHENA )] with ‘no option’ chronic ischaemic
cardiomyopathy (LVEF < 45%).*¢ At 12 months, there were no differen-
ces in LVEF or LV volumes; however, the treatment group exhibited an
improvement in functional capacity, hospitalization rate, and MLHFQ
score. Both PRECISE and ATHENA were small studies that used echo-
cardiography to assess LV function and volumes. Larger trials using car-
diac MRI will be necessary to assess the therapeutic utility of ADRCs.
Further insights may be provided soon by two ongoing Phase Il trials of
adipose-derived MSCs: SCIENCE (NCT02673164""%) and CSCC ASCII
(NCT03092284), which are testing the effects of allogeneic adipose-de-
rived MSCs in ischaemic HF (Table 3). A first-in-human study of these
cells in 10 patients has shown safety and feasibility>" (Table 1).

3.4 CD34+ cells

Administration of G-CSF causes the BM to release CD34+ stem cells,
which can be harvested in the peripheral blood. In 2011, Vrtovec et al.®’
reported the results of a pilot open-label study in which G-CSF-mobi-
lized CD34+ cells were infused intracoronarily in 55 patients with non-
ischaemic cardiomyopathy (Table 2). After 1year, CD34+ cell infusion
was associated with a significant improvement in LVEF, functional capac-
ity, NT-proBNP levels, and overall mortality compared with the control
patients who received no treatment. In a subsequent larger study

(published in 2013) that enrolled 110 patients, Vrtovec et al®® found that

at 5 years after intracoronary infusion of G-CSF-mobilized CD34+- cells,
there was still a significant improvement in LVEF, functional capacity,
NT-proBNP levels, and overall mortality in the cell-treated group
(Table 2). An additional study, published in 2013, that compared transen-
docardial and intracoronary injection routes in 40 patients with non-
ischaemic cardiomyopathy demonstrated that direct transendocardial
CD34+ cell injection led to greater retention of cells and greater im-
provement in LVEF, functional capacity, and NT-proBNP levels®’
(Table 2). Taken together, these results are encouraging and warrant fur-
ther investigation; however, the three studies®”*? are limited by the fact
that they were performed at a single centre, used echocardiography to
assess LV function, and were not double-blind or placebo-controlled.
More rigorous trials of G-CSF-mobilized CD34+ cells are in order to as-
sess the therapeutic efficacy of this product. On the other hand, transen-
docardial injection of CD34+4 cells has shown great promise in treating
refractory angina.'”*

3.5 c-kit-positive cardiac cells

It is not possible to review the CONCERT-HF trial of CPCs without dis-
cussing the recent controversy regarding CPCs. Briefly, one prominent
basic research laboratory at Harvard published numerous studies claim-
ing that cells isolated from the adult heart on the basis of c-kit expression
exhibited the properties of genuine stem cells, i.e. they were self-renew-
ing, clonogenic, and able to differentiate into smooth muscle cells, endo-
thelial cells and cardiomyocytes and to regenerate large swaths of dead
myocardium.175 However, many of these papers were subsequently
retracted when fraudulent data manipulation was discovered.”

One of the casualties of the misconduct in the Harvard laboratory
was the SCIPIO trial; the paper reporting the results of this Phase | study
was retracted because images (generated at Harvard) of the phenotype
of CPCs were found to have been manipulated.’”® SCIPIO was a collab-
oration between a basic research group at Harvard and a clinical group
in Louisville. As the Lancet editors made clear, the retraction of the
SCIPIO paper was caused exclusively by issues with the data generated
at Harvard, not with those generated in Louisville. In the retraction no-
tice, the editors state: ‘Although we do not have any reservations about
the clinical work in Louisville that used the preparations from Anversa’s
laboratory in good faith, the lack of reliability regarding the laboratory
work at Harvard means that we are now retracting this paper’.'”®
Because of the uncertainty regarding the phenotype of the cell product
used, the clinical results of SCIPIO cannot be properly interpreted.
However, it would be inappropriate to dismiss all the work done on
CPCs heretofore because of one laboratory’s misconduct. The falsification
of data by the Harvard group is a tragedy, but it should not lead to the con-
clusion that CPCs have no therapeutic potential. In fact, a review of the lit-
erature shows that the preclinical data on CPCs are quite consistent: at
least 50 studies from 26 laboratories independent of the Harvard group
have reported beneficial effects of CPCs in various animal models of heart
disease.® Our group has shown that CPCs do not engraft in the heart, do
not differentiate into new cardiac myocytes, do not regenerate dead myo-
cardium, and thus work via paracrine mechanisms.”!"~""2725177 Although
the mechanism of action of CPCs is unclear”"™""2> 2177 (55 is the
case for all cell types used for cardiac repair), the aforementioned large
body of preclinical evidence provided a robust rationale for the recently
completed CONCERT-HF trial. ¢

CONCERT-HF was a Phase Il, randomized, placebo-controlled, dou-
ble-blind, multicentre study of autologous BM-MSCs, CPCs, or both, in
patients with ischaemic HF.*%¢" A total of 125 patients with chronic
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ischaemic HF receiving maximal guideline-directed therapy were ran-
domized (1:1:1:1) to receive transendocardial injections of 5 x 10° autol-
ogous CPCs (n=31), 150 x 10° autologous BM-MSCs (n=29), their
combination (n = 33), or placebo (n=32). At 12 months, there were no
differences among groups with respect to LV function, scar size, func-
tional capacity (assessed as maximal O, consumption and 6-min walking
distance), or NT-proBNP levels. However, the proportion of patients
with HF-related major adverse cardiac events (HF-MACE) was signifi-
cantly different, being highest in the placebo group (28.1%) and lowest in
the CPCs alone group (6.5%; P=0.043 vs. placebo) (Figure 2). In the
CPCs + MSCs group, HF-MACE occurred in 9.1% of patients (P=0.061
vs. placebo). The differences in HF-MACE were driven primarily by hos-
pitalization for HF. As discussed above in the section on BM-MSCs,
CONCERT-HF also found an improvement in quality of life in patients
treated with MSCs, alone or in combination with CPCs.

CONCERT-HF was arguably one of the most rigorous cell therapy
trials conducted heretofore; it was also the first trial that used CPCs
manufactured according to GMP standards. Taken together, the results
suggest that in patients with chronic ischaemic HF on maximal guideline-
driven therapy, a single administration of CPCs or MSCs has measurable
beneficial effects over the ensuing 12 months, namely, a reduction in hos-
pitalization for HF (with CPCs) and an improvement in quality of life
(with MSCs). The improvement in clinical outcomes without an im-
provement in LV function or reduction in scar size is consistent with sev-
eral previous studies (e.g. iXCELL-DCM and TAC-HFT) indicating that in
patients with chronic ischaemic HF, cell therapy can effect significant clin-
ical changes without concomitant changes in LVEF*®*45178 (yide infra).
Whether these beneficial effects are related to anti-inflammatory, immu-
nomodulatory, antifibrotic, proangiogenic, endothelial protective, or
other as-yet unknown actions of the transplanted cells remains to be
elucidated.

3.6 Cardiosphere-derived cells

Cardiosphere-derived cells (CDCs) were first described by Messina
etal.in 2004,"° They can be obtained from the culture outgrowth of hu-
man myocardial biopsies and consist of a heterogeneous mixture of dif-
ferent cell types that includes, among others, MSCs, c-kit+ cells,
endothelial cells, as well as other less well-defined phenotypes.'®® The
first trial of CDCs, published in 2012, was CADUCEUS, a single-centre,
open-label, Phase | study of 31 patients that received intracoronary infu-
sion of autologous CDCs or standard of care 1.5-3months after MI*®
(Table 1). The investigators reported a reduction in scar size at
12 months which, however, was not associated with improvement in
LVEF or LV volumes. In follow-up to this trial, these investigators under-
took the ALLSTAR trial, a multicentre, randomized, double-blind, pla-
cebo-controlled, Phase Il study in which 142 patients with LV
dysfunction secondary to an Ml in the previous 1-12months (mean,
4.6 months) were randomized 2:1 to receive an intracoronary infusion
of allogeneic CDCs or placebo® (Table 1). The primary endpoint was
scar size, as assessed by MR, at 12 months after treatment. The trial was
stopped by the sponsor after an interim data analysis of the 6-month
data revealed evidence of futility to meet the primary endpoint.>” The 6-
month results showed no difference in scar size between the CDC and
placebo groups and a small reduction in LVEDV (-4.5mL), LVESV
(-4.8 mL), and NT-proBNP (-303 pg/mL) in the CDC relative to the pla-
cebo group.®” Thus, this study did not confirm the scar size reduction
reported in CADUCEUS.*® ALLSTAR suffers from several limitations. It
did not assess its primary endpoint because the study was stopped be-
fore completion and so the decision to report the 6-month results

instead of the 12-month results was made post hoc. The patient popula-
tion was heterogeneous [both recent (1-2 months) and old Mls were in-
cluded] and at relatively low risk (average LV EF was 40% and both
STEMI and non-STEMI patients were included). Finally, clinical data (e.g.
medications, presence of multivessel disease, comorbidities, diastolic
dysfunction, and body mass index) were not collected consistently, and
information on the type of Ml was missing in 58 of the 142 patients.”’
The combination of CADUCEUS and ALLSTAR is an example of how
single-centre, unblinded studies can generate results that are not con-
firmed in subsequent multicentre, double-blind studies.

DYNAMIC was a pilot, open-label study of 14 patients with dilated
cardiomyopathy (ischaemic or non-ischaemic) who received intracoro-
nary infusions of four escalating doses of allogeneic CDCs in all three
coronary arteries>® (Table 1). Although LV EF and quality of life scores
improved at 6 and 12 months, the lack of a placebo group and blinding
makes these results uninterpretable. Apart from HOPE-2
(NCT03406780), which assesses the effects of CDCs in Duchenne mus-
cular dystrophy, with LV wall thickening as a secondary endpoint, no on-
going study of CDCs in HF is registered in the ClinicalTrials.gov website.
It appears that investigation of CDCs in HF is all but abandoned.

3.7 Cell combinations

In principle, combining different cell types may be advantageous because
the actions of one type could be augmented by different actions of an-
other type. Several of the products discussed above (unfractionated cells
from BM or adipose tissue, CDCs) could technically be categorized as
cell combinations because they contain multiple cell types. In this section,
we will review cell combinations that have been prepared by investiga-
tors for therapeutic use.

The largest clinical trial of a cell combinations for HF reported to date
is ixCELL-DCM, published in 2016, a randomized, double-blind, placebo-
controlled, Phase Ilb study that examined the effects of ixmyelocel-T, a
specific fraction of autologous BM-MNCs that contains both MSCs and
macrophages® (Table 1). The precursors to ixCELL-DCM were two
small Phase lla trials [IMPACT-DCM (n=39) and Catheter-DCM
(n=22)] that compared ixmyelocel-T with standard of care in an un-
blinded fashion and found improved clinical outcome (reduction in
MACE and improved NYHA class and MLHFQ score), but only in
patients with ischaemic HF*® (Table 1). ixCELL-DCM followed up on
these studies using a larger population and more rigorous methods. A
total of 126 patients with ischaemic HF received transendocardial injec-
tion of ixmyelocel-T or placebo. The primary endpoint was the 12-
month incidence of MACE (death, cardiac hospitalization, acute decom-
pensated HF). Although there were no differences in LVEF or LV vol-
umes (assessed by echocardiography), cell-treated patients exhibited a
statistically significant 37% reduction in MACE (Figure 2). ixCELL-DCM is
important not only because it is one of the few Phase Il studies of cell
therapy in HF that has met its primary endpoint,” but also because it sup-
ports the notion that cell therapy can beneficially affect hard clinical end-
points (as opposed to imaging endpoints)—an outcome that has been
recently observed also in CONCERT-HF®® and DREAM-HF (Figure 2).%®

Preclinical studies in pigs support the concept of a synergistic interac-
tion between BM-MSCs and CPCs, whereby the combination of these
cell types is more effective than either alone at improving LV function in
models of chronic ischaemic cardiomyopathy.'®"""#% As discussed above,
CONCERT-HF tested whether the combination of autologous BM-
MSCs and CPCs was superior to either cell type alone.’ Although no
treatment improved LV function or scar size, patients receiving CPCs
alone exhibited a reduction in HF-MACE whereas those receiving MSCs
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alone exhibited improved quality of life; patients treated with CPCs +
MSCs exhibited the best overall clinical outcome, i.e. improved quality of
life and reduced HF-MACE.*° The results of CONCERT-HF suggest that
combining two different cell products results in a better outcome than
either product alone, providing a rationale for further studies of combi-
natorial cell therapy.

3.8 Embryonic stem cells

Unlike all of the adult cell types being examined as potential cardiac ther-
apies, human embryonic stem cells (hESCs) possess the unquestionable
ability to differentiate into contracting adult cardiomyocytes. For this
reason, extensive efforts have been made over the past two decades to
harness hESCs to regenerate dead or injured myocardium. However, it
is now apparent that transplantation of hESCs or hESC-derived cells is
plagued by many formidable problems that will preclude its clinical appli-
cation, including graft rejection requiring life-long immunosuppression,

life-threatening ;;1rrhythmias,184'185

genomic instability, and potential risk
of teratomas (reviewed in ref?®) Although the probability of tumours
can be reduced by inducing hESC differentiation, it is unlikely to be
completely eliminated, particularly when billions of cells are injected (as

was done in primate studies'8*18°

) Even more importantly, the most
compelling reason for using hESC-derived cells (i.e. their potential to re-
generate working cardiac muscle) has now evaporated, because many
preclinical studies have documented that hESC-derived cells disappear
rapidly after transplantation in the heart (e.g. Zhu et al?’; reviewed in
ref28) To date, there is no evidence of long-term (i.e. longer than
2-3 months) engraftment, let alone regeneration, after transplantation of
hESCs in the heart. Instead, recent evidence has shown that hESC-

"8 __just like all of the adult

derived cells act via paracrine mechanisms
cell types discussed in this review.

Many studies have reported that transplantation of hESCs or hESC -
derived myocytes improves LV function in animal models of HF
(reviewed in ref?®) To date, the only clinical experience with these cells
in the cardiovascular field is the ESCORT trial,>*"®” an uncontrolled,
open-label, phase | study in which a fibrin scaffold containing hESC-
derived progenitor cells was implanted on the epicardium of six patients
with ischaemic HF that underwent coronary artery bypass surgery; no
control patients were enrolled (Table 7). All patients were treated with
immunosuppressive drugs to prevent graft rejection. In three patients
there were clinically silent allorejection reactions, demonstrated by the
presence of alloantibodies at low titer; these reactions resolved over
time, most likely due to immunosuppression. Because of the absence of
a control group, the small sample size, and the fact that patients received
two interventions (revascularization and stem cells) at the same time, no
conclusions regarding safety or efficacy can be made from ESCORT.
Ultimately, this study was stopped because of the mounting evidence
that transplanted cells most likely work via paracrine mechanism, not by
engrafting and forming new contractile units.'®®

In summary, despite sanguine claims in the scientific literature that pre-
sented hESCs as a therapeutic breakthrough'®~'%® and despite much
hype in the media, it is implausible that hESC-derived cells will become a
therapeutic option for HF or any cardiovascular condition.”® The avail-
able evidence shows that hESC-derived cells do not engraft and thus do
not regenerate myocardium in experimental animals. Furthermore,
hESC-derived cell transplantation is associated with a host of serious
side effects that are not observed with transplantation of adult cells. No
controlled clinical trial of hESC-derived cells in cardiovascular disease
has been performed or even initiated, whereas adult cells have been
used in thousands of patients, with no significant adverse effects and with

results that were sufficiently encouraging to warrant Phase Il and Il trials.
Finally, the need for hESCs is obviated by the availability of induced plu-
ripotent stem cells, which have pluripotency similar to hESCs but do not
require lifelong immunosuppression. Given these facts, and given the se-
rious ethical concerns associated with the use of hESCs, the rationale for
continuing to pursue hESC-derived therapies for heart disease is unclear.

3.9 Repeated cell therapy

To date, almost all clinical trials of cell therapy in cardiovascular medicine
have used one dose of cells. However, as discussed above, cells disap-
pear almost completely within days or weeks of transplantation,' ">
and so it is difficult to rationalize why one cell dose should be sufficient
to achieve a sustained therapeutic response, particularly in a condition,
such as HF, that develops gradually over many years. Apart from surgical
and interventional procedures, there is no example of a therapy that
produces long-lasting improvement in HF when administered only once.
Given that the retention of cells in the heart after transplantation is
short-lived, it stands to reason that greater benefit should be accrued by
additional treatments. Preclinical studies have shown that repeated
administrations of cells have additive effects on cardiac function in animal
models of ischaemic cardiomyopathy16'17'19’1%'197; however, in the clini-
cal arena, this paradigm has not been tested thoroughly in patients with
HF, probably because of the invasive nature of the delivery techniques
used (performing two or three intracoronary or transendocardial injec-
tions would be difficult, particularly if a placebo control is contemplated).

Thus, few clinical studies of repeated cell dosing have been reported,
and their design has been limited. Most of these trials have been con-
ducted in ischaemic cardiomyopathy (Table 5). The DanCell-CHF trial,
published in 2008, failed to demonstrate significant improvement in LV
function after two intracoronary injections of BM-MNCs administered
4 months apart in patients with ischaemic HF.'”® In contrast to these
findings, in a study of 39 patients with STEMI published in 2009, Yao
et al'”’
7 days and again 3 months after Ml were associated with greater im-
provement in LV function and reduction of myocardial scar size com-
pared with single-cell administration. Similarly, in 2011, Gu et al*®
reported that in 45 patients with ischaemic HF, a repeated intracoronary
infusion of peripheral blood mononuclear cells (containing > 1 million
CD34+- cells) at 6 months resulted in a more pronounced improvement
in LVEF when compared with single-cell dosing. In an observational study
lacking a control group, Mann et al® reported in 2015 that in 23
patients with refractory angina pectoris, a second transendocardial injec-
tion of autologous BM-MNCs performed an average of 4.6 years after
the first resulted in improved myocardial perfusion and angina symptoms
for at least 1year, with an effect size comparable to the first injection;
the effects on LVEF could not be properly evaluated because LVEF was
normal before the second injection. In 2016, a registry analysis suggested
that a second intracoronary infusion of BM-MNCs 3—6 months after the
first resulted in lower-than-expected mortality in patients with ischaemic
HF2 providing a rationale for the ongoing REPEAT trial
(NCT01693042) (Table 5).

The only study of repeated cell therapy in non-ischaemic cardiomyop-
athy is REMEDIUM, published in 2018, a Phase II-lll randomized, double-
blind trial that compared the effects of one or two transendocardial
injections of CD34+ cells (given 6 months apart) in 60 patients with
non-ischaemic cardiomyopathy.”* Patients received BM stimulation with
G-CSF, following which 80 x 10° CD34+- cells were collected by aphe-
resis and injected transendocardially. At 1year after the first dose

reported that two intracoronary infusions of BM-MNCs at 3—

(6months after the second dose), the improvement in LVEF, LV
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Table 6 Current status of various cell types used for the treatment of heart failure

Safety Efficacy Ongoing Notes
lschaomic " Nonschaermic  Phase lltrals
cardiomyopathy cardiomyopathy
BM-MNCs + - - - Abandoned
BM-MSCs + ++ ++
Cardiopoietic BM-MSCs + - - -
CPCs + + No data - Only one study (CONCERT-HF)
UC-MSCs + + + -
ADRCs + + No data - Phase Il trials ongoing
CD34+4 cells + No data + - Phase Il trials have shown efficacy for
refractory angina
CDCs + - No data Abandoned
ixmyelocel-T + ++ No data -
ESCs No data No data No data - Serious safety concerns; need for

immunosuppressive therapy

~, Trials have failed to show efficacy.

"Phase I-Il trials have shown efficacy.

" Two or more Phase I-Il trials have shown efficacy.
*DREAM-HF completed but not yet published.

ADRGC:s, adipose-derived regenerative cells; BM-MNCs, bone marrow-derived mononuclear cells; BM-MSCs, bone marrow-derived mesenchymal stem/stromal cells; CDCs, cardio-
sphere-derived cells; CPCs, c-kit-positive cardiac cells; ESCs, embryonic stem cells; UC-MSCs, umbilical cord mesenchymal stem cells.

volumes, exercise tolerance (6-min walking distance), and NT-proBNP
did not differ between patients given a second cell dose and those given
a single dose. However, the characteristics of the patients before the
second injection were different from those before the first, making com-
parisons difficult. For example, LVEF was significantly higher before the
second injection (39.1%) than before the first (31.2%); this is relevant be-
cause meta-analyses suggest that a lower LVEF is associated with a better
response to cell 'cher*ap)czo3 Indeed, subgroup analysis of responders
(patients in whom LVEF increased at least 5%) vs. non-responders
revealed that LVEF prior to the second cell injection was significantly
lower in the 10 patients who responded to the second injection than in
the 20 who did not (34.9% vs. 40.0%; P = 0.02), suggesting that there may
be a ceiling effect for cell therapy and that in most patients the LVEF be-
fore the second dose was not low enough to improve after that dose. In
addition, responders exhibited an increase in myocardial viability after
the first dose (as assessed by unipolar voltage mapping with the NOGA
system) whereas non-responders did not.”* Since the response to trans-
endocardial CD34+ cell injection in HF depends on the LV scar bur-
den,204 it is possible that the effects of the first dose altered the effects of
the second dose.

In summary, the potential therapeutic utility of repeated cell therapy
remains to be adequately assessed. The available clinical data are scarce

. . . . 74,198-202
and inconsistent. The studies reviewed above

were limited by
the use of echocardiography to assess LV function, the lack of a true con-
trol group, and the open-label design; except for one study in patients
1,'"? in all of the other trials the single-dose group did not receive

a second (placebo) infusion. To date, no study has evaluated the effects

acute M

of repeated cell therapy in patients with HF in a randomized, blinded, pla-
cebo-controlled fashion, and none has tested >2 doses of cells.
Overcoming these limitations will be arduous. The invasive delivery tech-
niques currently used (intracoronary or transendocardial injection)
make it very difficult to examine >2 doses and to conduct placebo-
controlled, double-blinded studies. If intravenous administration of cells

proves effective, it would make it possible to test >2 doses with a dou-
ble-blind design.

3.10 Moving away from using LV function as
the primary endpoint

Based on the results of animal data,”> most clinical trials of cell therapy in
HF have used LV function as the primary endpoint (Tables 1-5).
Mounting evidence, however, suggests that cell therapy can impart bene-
ficial effects to HF patients without necessarily augmenting common indi-
ces of LV function (Figure 2). For example, among placebo-controlled,
double-blind, randomized Phase |l trials in ischaemic HF, some have
reported an improvement in LV function with cell treatment (e.g. MSC-
HF>*>%) but others have not: patients receiving cell therapy exhibited im-
proved functional capacity and quality of life in TAC-HF,*? improved
quality of life in ATHENA* and CONCERT-HF,*® and reduced mortal-
ity and cardiovascular hospitalization in ixCELL-DCM*  and
CONCERT-HF,° yet none of these studies detected a change in LV
function (Figure 2; Table 1). DREAM-HF (NCT 02032004),%* the largest
study of cell therapy in HF, has also reported a reduction in MACE (vide

supra).® As discussed earlier, HF is a systemic inflammatory disease®” ™"

and MSCs have anti-inflammatory properties®®3?>% therefore, it is
possible that MSC therapy could alleviate the outcome of HF via sys-
temic actions that do not necessarily result in augmented LV function.”®
Because of this, and because clinical outcome is more relevant to
patients than surrogate endpoints such as LVEF or LVESV, there has
been a shift away from LV function as the primary endpoint for cell ther-

apy trials in HF.%?

4. Conclusions

The utility of cell therapy in HF remains to be determined. Many Phase |
and |l trials have been conducted but pivotal Phase lll trials have not
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been published. The available evidence can be summarized as follows
(Table 6):

In contrast to acute Ml (where trials have been consistently negative
for more than a decade),”® in the setting of HF the results of cell
therapy trials are more encouraging, both in the setting of ischaemic
and non-ischaemic cardiomyopathy (Table 6).

Contrary to misleading assertions by anonymous editorialists,*> sev-
eral well-designed Phase Il trials (e.g. MSC-HF>*>> ix CELL-DCM,*
REGENERATE-DCM).” have met their primary endpoint and demon-
strated an efficacy signal in HF* (Tables 1 and 2). CONCERT-HF®°
and DREAM-HF®® also support efficacy. This is remarkable, consider-
ing that in these studies only one dose of cells was used and the out-
come measured a year later. That an efficacy signal was seen long
after treatment provides a rationale for larger, rigorous trials.

The best endpoint in HF trials remains unclear, as different studies
have reported improvement in different endpoints, such as LV func-
tion,”**> MACE,**%¢? and quality of life.”>**>**"® Differences in cell
products and patient populations may account for these differences.
What is needed now is rigorous, well-designed Phase Il trials to con-
clusively address the issue of efficacy and identify the appropriate
endpoint.

Importantly, no concerns have emerged regarding the safety of adult
cell therapy in HF (Table 6).

Amongst all the various cell types being tested, MSCs show the great-
est promise as a treatment for HF. Although not yet tested clinically,
induced pluripotent stem cells may turn out to be useful. In contrast,
BM-MNCs, CDCs, and embryonic stem cells are not likely to become
a clinical therapy for HF (Table 6).

Effective cell therapies will most likely be allogeneic.

New approaches, such as multiple doses and intravenous delivery,
may revolutionize the field.

As is the case for most new therapies, the development of cell therapy

for HF has been slow, difficult, and punctuated by setbacks. The most im-

portant things to move forward are to have an open mind, avoid precon-
ceived notions, and let ourselves be guided by the evidence.
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