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Abstract

Cardiovascular disease is the primary cause of death around the world. For almost two

decades, cell therapy has been proposed as a solution for heart disease. In this article, we

report on the “state-of-play” of cellular therapies for cardiac repair and regeneration. We

outline the progression of new ideas from the preclinical literature to ongoing clinical tri-

als. Recent data supporting the mechanics and mechanisms of myogenic and paracrine

therapies are evaluated in the context of long-term cardiac engraftment. This discussion

informs on promising new approaches to indicate future avenues for the field.
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Significance statement

For almost two decades, cell therapy has been promised as a solution for cardiac disease. The

present study summarizes recent progress in the field of paracrine and stem cell-derived

cardiomyocytes for cardiac repair and regeneration. The authors explore how the field is evolv-

ing and provide context for future advances in stem cell mediated therapeutics.

1 | INTRODUCTION

For over two decades, cell therapy has been promised as a solution

for heart disease. The rationale for this focus is obvious. Cardiovascu-

lar disease is the primary cause of death around the world. In 2019,

cardiac disease accounted for 32% of all deaths.1 The World Health

Organization believes this toll will rise from 17 million deaths per year

to over 23 million by 2030. Therapies for cardiovascular disease are

also becoming more expensive. Current forecasts suggest the total

cost for cardiac disease will rise from US$863 billion in 2010 to over

US$1 trillion in 2030.2 As such, any solution that can reverse this epi-

demic is welcome. The hope that a patient's own cells could be used

to repair or replace injured tissue naturally captured the imagination

of the public and researchers alike when it was first proposed.

Early reports helped to fan this fervor. Several preclinical studies in

high impact journals showed that intramyocardial cell injection could

improve heart function after myocardial infarction. Enthusiastic editorials

embraced these results and extended the reports into the popular press.

In retrospect, this hype led to unrealistic expectations. Badly designed and

underpowered clinical trials followed.3,4 Consequently, the last decade has

been littered with several unsuccessful clinical trials and a growing skepti-

cism that the field will ever deliver. Editorials have questioned the use of

public funds in stem cell therapy for heart failure5 and the European Soci-

ety of Cardiology Working Group recently concluded the promise of car-

diovascular cell therapy has not yet been fulfilled.6

Although much of this criticism has been well earned, “unfulfilled”
is not equivalent to “unfeasible” or “unrealistic” and several promising

solutions have emerged over the past 20 years to provide reasons for

optimism. This report will critically focus on this recent data to cover

the “state-of-play” of cellular therapies for cardiac repair and regener-

ation. We will start by exploring the progression of promising new

ideas from the preclinical literature to ongoing clinical trials. The evi-

dence supporting paracrine based therapies will be evaluated in the

context of long-term cardiac engraftment. This discussion will inform
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upon the ability of transplanted cells to stimulate the growth of new

myocardium. Finally, the growing challenge for cell delivery will be

used to explore myocyte replacement strategies to indicate future

avenues for the field.

1.1 | Cell therapy for heart disease

The roots of cell therapy for heart disease date back to the 1908 Con-

gress of Hematology Society in Berlin. At this meeting, the Russian histol-

ogist Alexander Maksimov proposed that a population of pluripotent

bone marrow cells existed to renew and replenish blood cells.7 Till and

McCulloch later showed that these self-renewing cells could be isolated

from bone marrow8 and opened the doors for bone marrow transplanta-

tion to treat genetic diseases9,10 and hematological malignancies.11-13 By

the mid-1990s, bone marrow transplant had become the standard of

care. Cardiovascular researchers began to collaborate with hematologists

to see if bone marrow cells could repair myocardium. In early 2001, sev-

eral independent reports indicated that adult bone marrow cells could

repair myocardial infarcts in mice14,15 and touched off a tremendous

interest in cardiac cell therapy. Since then, thousands of animals around

the world have been injected with almost every cell type that could be

isolated, grown, manipulated, or engineered in the lab.

To appreciate the scope of this progress, we reviewed the

Medline literature from January 1, 2000 to 2021 (see Supplementary

methods for more details). Our search focused on preclinical studies

that administered a cell product to an animal model of ischemic injury

as data generated from an in vivo model represents a clear indication

that a technology is on the way toward development. As shown in

Figure 1A, the number of publications progressively increased from

2000 to 2009 as more groups became engaged in the field and new

technologies emerged. In recent years, straightforward injection of

cells into animal models has declined which may a reflect growing

interest in cell derived products (such as extracellular vesicles) or

defined factors.

Controversy has also plagued the field particularly in studies using

heart-derived cells. Given early reports suggesting that very few

transplanted bone marrow cells engraft and differentiate into working

myocardium, it seemed logical that the benefits seen after cell injec-

tion might result from stimulation of endogenous heart stem cells. As

such, several labs began to focus on isolating these endogenous heart

stem cells. Using a candidate antigen approach, cardiac c-Kit+ cells

were suggested to be capable of clonogenic self-renewal and differen-

tiation into cardiac lineages.16 This observation led to a substantial

number of high profile papers supporting the view that resident car-

diac c-Kit+ cells regenerate injured myocardium and that ex vivo

expanded heart c-Kit+ cells could repair injured hearts.17 But starting

in 2009, reports began to emerge that suggested c-Kit+ cells may not

have a true cardiomyogenic ability.18-20 The definitive study then

came in 2014 where van Berlo and colleagues used Cre recombinase

models to label c-Kit+ cells and showed that less than 0.03% of all

myocytes originated from c-Kit+ cells during normal development.21

They also showed that resident c-Kit+ cells played little to no role in

response to injury as only 0.016% or 0.007% of cardiomyocytes origi-

nated from resident c-Kit+ cells after left coronary artery ligation or

isoproterenol (a profibrotic stimulus), respectively. Confirmatory

F IGURE 1 Analysis of the
preclinical literature administering cell
therapy to animal models of cardiac
injury. A, The cumulative number and
number per year of preclinical papers
that administered cell therapy for heart
failure. B, Breakdown of study
proportion in terms of species used,
delivery method and cell type
administered. ADC, adipose derived
cells; HDC, heart derived cells; MSC,
mesenchymal stromal cells; PSC,
pluripotent stem cells; SM, skeletal
myoblasts
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reports using multiple complimentary reporter genes have since

shown that the contribution of resident heart c-Kit+ cells to life-long

myocyte turnover or in situ regenerative responses to cardiac injury is

functionally insignificant.22-24 Many have since concluded that adult

c-Kit+ cells play no role in cardiomyogenesis.25 Although antigenically

selected and expanded c-Kit+ cells have been shown to promote myo-

cardial recovery, head-to-head comparisons with other cell products

suggest this effect is modest.26,27

In parallel to the troubled c-Kit+ experience, a substantial body of evi-

dence emerged supporting the use of a mixed heart-derived cell popula-

tion referred to as cardiosphere-derived cells or explant-derived cells.28,29

This technology was initially developed by the Messina group to culture a

mixed cell population from minced cardiac tissue.30 These CD105

+/CD45� cells of intrinsic cardiac origin have been shown to adopt a car-

diomyocyte identity after transplant but the mechanism of benefit is

largely through paracrine stimulation of endogenous repair by secreted

cytokines and extracellular vesicles.30-37 In contrast to the limited number

of groups that published using c-Kit+ cells, explant-derived cells and their

expanded progeny, cardiosphere-derived cells, have been used by multiple

(50+) independent research groups around the world.29

As shown in Figure 1B, many of these preclinical proof-of-

concept studies were performed in high throughput, low-cost, small

animal models (~81% mouse and rat models) with very few pro-

gressing to late-stage nonhuman primate models (1%). Although most

studies simply injected suspended cells into the animal model, bioma-

terials have been used in an increasing number of studies (13%) as a

growing recognition emerged that all cell products struggle with long-

term engraftment.38 Mesenchymal stromal cells (MSCs) were the

most frequent cell type administered (46%) followed by hematopoietic

cells (14%), pluripotent stem cells (PSC, 12%), heart derived cells

(HDCs, 11%) and adipose-derived cells (ADCs, 9%). Skeletal myoblasts

enjoyed much early attention as this hardy noncardiac progenitor

seemed ideally suited to engraft in the damaged heart. But concerns

regarding life-threatening heart rhythms sidelined this cell type.39

F IGURE 2 Analysis of the clinical
trials listings administering cell therapy
to heart failure patients. A, The
cumulative number and number per
year of clinical papers that
administered cell therapy for heart
failure. B, Breakdown of study
proportion in terms of status (as of
May 1, 2021), study phases, and cell
type administered. C, Relationship
between cell type administered and
date the study first registered on
ClinicalTrials.gov. Data is displayed as
mean ± SD. D, Relationship between
cell type administered and the clinical
trial status. ADC, adipose derived cells;
BMNC, bone marrow mononuclear
cells; HDC, heart derived cells; MSC,
mesenchymal stromal cells; PSC,
pluripotent stem cells; SM, skeletal
myoblasts
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This intense preclinical work translated into several clinical trials.

As shown in Figure 2, a survey of clinical studies lists 82 registered tri-

als administering “stem cells“ for “heart failure” (see Supplementary

methods for more details). Trial registries started within 2 to 3 years

of the initial reports exploring the effects of intramyocardial injected

cells in animal models which speaks to the enthusiasm for this new

technology (Figure 2A). Consistent with the preclinical literature, most

of the trials involved administration of hematopoietic or MSCs (~70%;

Figure 2B). Cell product choice also influenced when clinical trials

were first registered (Figure 2C). Hematopoietic and skeletal muscle

cell products were the first cell products investigated followed shortly

by MSCs, HDCs, ADCs and, more recently, PSCs. Most studies (37%)

were listed as “Completed” but there was a significant number listed

as “Unknown” (17%), “Terminated” (11%), or “Withdrawn” (5%;

Figure 2D). Only one study was listed as suspended (NCT03180450)

with no explanation provided. In keeping with the time course of

study registration, most completed studies were performed using a

hematological cell product while PSCs had the greatest number of

studies still listed as recruiting. Finally, phase 2 represented the

greatest number of trials (45%) with phase 3 in the minority (7%).

The conclusions from this experience are encouraging but have

not yet provided a clear signal for benefit. Administration of cell prod-

ucts is safe with the clinical literature broadly confirming that

intracoronary or intramyocardial injection of cells is safe and well toler-

ated. As outlined above, skeletal myoblasts provided the only clinical

signal indicative of adverse events associated with cell administration

(ie, cardiac arrhythmias) which, in retrospect, might have been

detected in preclinical testing.40 The risks of cell manufacturing should

also not be discounted as rare events can occur (ie, tamponade associ-

ated with cardiac biopsy for heart c-Kit+ cell isolation).41 These

insights have led to the development of the innovative cell types, clini-

cal trial designs and delivery strategies which underlie recent attempts

to develop new therapies for cardiovascular diseases.

1.2 | The challenges of cardiac cell therapy

More than 95% of new drugs fail during clinical development.42 These

failures are often ascribed to the drug itself operating through a novel

mechanism of action or an incomplete understanding of the disease

pathogenesis.42-44 Any early cell therapy for cardiac disease was

inherently “first in class” but more importantly the understanding of

how these cells might work was fundamentally flawed.

It was initially presumed that any injected cell would naturally

adhere and migrate to areas of damage. We now know engraftment of

any cell type is very modest at best with long-term retention lucky to

exceed 2% of the initial injectate.45-47 This reality reflects: (a) adverse

effects during administration, (b) clearance by blood vessels or lym-

phatics from an inherently vascular organ, (c) off target injection into

the blood stream or cavity, (d) mechanical extrusion from the site of

injection, and (e) the harsh hypoxic microenvironment where

transplanted cells are expected to survive. Radiolabeling experiments

have shown that only ~17% of cells are retained 1 hour after

administration into the ideal milieu (ie, intramyocardial injection into a

non-perfused coronary ligation model).48 Realistic models that mimic

post intervention reperfused infarcts (ie, ischemic reperfusion injury)

are even worse with only 12% persisting 1 hour after intramyocardial

injection.

Our understanding of the mechanism by which transplanted cells

promote myocardial repair has also become more refined. It is now

known that improvements in cardiac function seen after any cell treat-

ment come from immunomodulatory (macrophage polarization) and

trophic (angiogenic, anti-apoptotic, mitotic, and anti-fibrotic) effects

on resident tissue and not differentiation into new working myocar-

dium.28,38 This mechanism remains true even of pluripotent stem cell

sources where the purported mechanism of action lies in direct

replacement of lost myocytes with new pluripotent sourced

cardiomyocytes. Several studies have since shown that the extracellu-

lar vesicles secreted by pluripotent stem cells and their daughter

cardiomyocytes recapitulate a large portion of the therapeutic effects

seen with their parent cells.49-52 Similar to other cell types, long-term

engraftment of PSCs is limited yet the salutary effects of cell treat-

ment effects persist. What remains uncertain is the importance of cell

engraftment amid a backdrop of paracrine stimulated endogenous

repair. Central to this controversy lies the ability of adult hearts to

generate new myocardium.

1.3 | Can adult myocytes reenter the cell cycle?

Unlike zebrafish and reptiles, mammalian cardiomyocytes exit the cell

cycle soon after birth and lose the ability to generate new myocytes.

This loss translates into an inability to compensate for the billions of

myocytes lost after injury and contributes to cardiovascular mortality.

Evolutionarily, this strategy makes sense as potentially catastrophic

cardiac tumors are exceedingly rare (0.1% in autopsy series).53 Recent

work has shown that low level proliferation continues after birth and

all myocytes are not locked into a static fate. The most compelling evi-

dence comes from the radioactive carbon-14 dating studies that

showed ~40% of human cardiomyocytes renew during a normal

lifespan.54 This provides an annual renewal rate of 1% during the sec-

ond decade of life that declines to 0.3% as individuals approach the

age of 75 years. The source of these new myocytes are resident

myocytes.55,56 and not endogenous progenitor cells. Injury can

increase myocyte reentry into the cell cycle56 but recent work has

shown this increase leads mainly to polyploidy (ie, a normally diploid

cell acquires one or more additional sets of chromosomes) and not a

substantial increase in new cardiomyocytes.57

How and why these myocytes reenter the cell cycle is also

becoming increasingly clear. Recent work has established that over-

expression of small single-stranded noncoding microRNAs (such as

miR-29458 or miR302-36759) can increase cardiomyocyte prolifera-

tion. This increase in new myocytes can be significant and has been

shown to improve heart function after myocardial infarction by reduc-

ing overall scar mass. Manipulating myocyte proliferation is not lim-

ited to a few select microRNAs as direct overexpression of key cell
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cycle regulators (ie, CDK1+CDK4+CCNB+CCND, cyclin A2 or cyclin

D2) or transcription factor proteins (such as knockdown of Meis, over-

expression of REST or Tbx20) can also force increases in myocyte prolif-

eration that improve cardiac function after myocardial infarction.60-64

Interestingly, these strategies are not limited to exploiting the cell cycle

machinery alone. Overexpression of pyruvate kinase muscle isoenzyme

2, an isoenzyme of the glycolytic enzyme pyruvate kinase, induces car-

diomyocyte cell division and improves cardiac function after acute or

chronic myocardial infarction.65

Given that direct in situ stimulation of adult myocyte proliferation

is possible, this lends credence to the concept that cell therapy may

stimulate myocytes to reenter the cell cycle. Genetic fate mapping

studies have shown that intramyocardial injection of HDCs can

increase cardiomyocyte cycling by 3-fold.66 Several studies panning

through the factors secreted directly by these cells (such as stromal

cell derived factor 1 alpha66) or extracellular vesicles36,67 have

demonstrated biological plausibility. Recently, Balbi and colleagues

demonstrated that the extracellular vesicles produced by heart-

derived cells express on their surface a short periostin isoform that

appears to mediate the cell cycle activity of these secreted vesicles.68

How much this enhanced proliferation plays a role in clinical out-

comes is uncertain. To date, the only clinical study that has convinc-

ingly demonstrated increases in viable myocardium is the CADUCEUS

trial where cell-treated patients had smaller scar sizes, increased via-

ble myocardium, and improved regional function 1 year after treat-

ment.69,70 It remains a challenge for the field to dissect the

contribution of myocardial salvage (ie, anti-apoptotic effects) from

true paracrine generation of new cardiomyocytes.

1.4 | Progress in paracrine therapies

Recent meta-analysis of the clinical trials to date suggests that both

autologous and allogeneic MSCs are safe with a possible beneficial

effect on ejection fraction (SMD 0.73, 95% CI 0.24-1.21) but no effect

on mortality.3 This discouraging result may not reflect the cell type

chosen but rather the timing and manner of delivery. Of the 23 studies

included, 12 relied upon intracoronary delivery.3 Similar results have

been seen in clinical data exploring the effectiveness of intracoronary

administered autologous hematopoietic cells in ST-elevation myocar-

dial infarction patients after primary percutaneous coronary interven-

tion.71 Within these 42 randomized controlled trials, there was no

detectable reduction in mortality, arrhythmia, or infarct size and

no improvement in quality of life or myocardial function attributable

to cell therapy. The authors rightly conclude that intracoronary injec-

tion of suspended hematopoietic cells after acute infarction is futile

and that future trials would be unlikely to alter this conclusion. The

recently completed phase III BAMI trial that administered autologous

bone marrow-derived mononuclear cells to 375 patients after ST ele-

vation myocardial infarction confirmed this prescient warning as cell

therapy failed to improve all-cause mortality, or death/heart failure

hospitalization.72 It is now clear that intracoronary delivery of any cell

product that requires a threshold dose to realize therapeutic benefit is

unlikely to be effective. In the absence of additional measures

designed to enhance cell survival or “dose” of paracrine factors, sim-

ply changing paracrine-dependent cell products is fated to repeat the

hematopoietic experience.

Increased understanding that paracrine stimulation underpins

therapeutic repair led many in the field to explore the possibility of

allogeneic cardiac repair. This approach was predicated on the

immune-evasive properties of many adult cell sources.73 In the early

2000s, a series of reports began to emerge suggesting that MSCs

acted as immune regulators to suppress the proliferation of activated

T cells and mixed lymphocyte reactions.74 This led to the proposal

that a large supply of culture-expanded allogeneic MSCs from a single,

universal donor could be expanded to treat all patients.75 The field of

cardiac repair embraced this concept and the immunomodulatory

properties of MSCs and related cell types were soon established in

preclinical cardiac models.76,77 A series of clinical trials rapidly

followed as the allure of an “off the shelf” product was investigated in

patients with ischemic cardiomyopathy.78-81 To date, the results have

been disappointing with no study achieving their primary efficacy out-

come. However consistent with the autologous experience, all trials

demonstrated that allogeneic cell administration was safe with the

generation of anti-donor antibodies occurring in only a minority of

patients (2%-3%).78-81

In part based on these results, several groups have shifted back to

exploring autologous paracrine delivery with a focus on new delivery

methods and new patient groups. The CardiAMP Heart Failure Trial is

one such example where autologous bone marrow mononuclear cells

are injected into the myocardium of patients with ischemic cardiomy-

opathy using a helical delivery catheter.82 This trial is notable as candi-

date bone marrow is first screened using a proprietary cell assay that

presumably reflects a measure for CD34+ content. Previous work

established every 3% increment in CD34+ cells was associated with a

~3% absolute unit increase in cardiac ejection fraction.82 Qualifying

patients then undergo a therapeutic bone marrow biopsy which is

processed at the point of care to separate the nucleated cell fraction

for immediate transendocardial administration. Reports from the

12-month feasibility roll in phase have indicated the protocol is safe

with promising hints of efficacy.83

Bone marrow CD34+ cells have also shown promise in other

related cardiac diseases. In meta-analysis and patient level pooled

data, transendocardial injection of CD34+ cells to patients with

chronic exertional cardiac chest pain reduce both angina frequency

and mortality while increasing exercise capacity.84,85 The recent phase

II RENEW trial designed to test this concept was terminated prior to

completing enrollment by the sponsor for “strategic considerations.”
Despite these limitations, the consistency of these results underscores

the need for a definitive trial for this promising therapy.

Bone marrow cells are not the only product which has been admin-

istered to other cardiac diseases. Heart-derived CDCs have been admin-

istered to patients with pulmonary hypertension (NCT03145298), heart

failure with preserved ejection fraction (NCT02941705), Duchenne car-

diomyopathy (NCT02485938 & NCT03406780) and congenital single

ventricle physiology (NCT01273857 & NCT01829750). The latter being
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the most interesting application as children with hypoplastic left heart

syndrome would likely be most apt to respond to paracrine stimulation

of endogenous repair mechanisms.86-88

1.5 | The engraftment hypothesis of cardiac repair

Cell therapy dogma states that long-term engraftment is needed to

realize any benefit from cell transplantation. It follows that, the dose

administered dictates the physiologic response as transplanted cells

are naturally inclined to survive, engraft, and replace damaged tissue.

Over time, several observations have arisen that challenged these

underlying presumptions about cell-mediated repair.

1. As outline above, the acute retention of any transplanted cell is

very modest, yet injured hearts improve after cell injection. Many

cells are swept away seconds after intracoronary or

intramyocardial injection.

2. Of those few transplanted cells that are retained, many do not sur-

vive for more than a few hours. Days after cell injection only 10%

to 20% of the initial injectate can be found and this decreases to

1% to 2% after several weeks, despite clear gains in heart function.

Some of this winnowing can be attributed to acute injury that

arises from the loss of integrin-dependent cell signaling experi-

enced during enzymatic harvest for injection (anoikis). Suspension

in phosphate-buffered saline for delivery also limits survival. Cells

can also experience significant sheer stresses during delivery as

they stream through a needle or catheter. Finally, a portion of cells

are lost after delivery into the damaged myocardium replete with

inflammatory cells, cytotoxic cytokines, reactive oxygen species

and loss of critical matrix attachments.38

3. Cell products that are intended to improve heart function by dif-

ferentiating into working myocardium (ie, PSCs) do not need to

provide meaningful increases in new working heart tissue to show

therapeutic benefits.51,89,90

4. Increasing the long-term retention of transplanted cells using bio-

materials does not necessarily improve treatment outcomes. Previ-

ously, we have shown that encapsulation of heart-derived cells

within protective hydrogel cocoons prior to intramyocardial injec-

tion increases acute and long-term engraftment.91-93 Akin to many

biomaterial studies, increased cell retention was associated with

salutary effects on myocardial function and scar size. Dogma

would traditionally interpret this result as proof that increased cell

retention leads to better heart function. However, we found that

reducing cocoon density decreased the paracrine repertoire of

these cocooned cells. Cells with reduced cocoon density had iden-

tical short and long-term engraftment but, because of their

reduced paracrine output, treatment effects were similar to

intramyocardial injection of non-cocooned cells. Thus, treatment

effects depended solely on the paracrine product produced by

these cells and had little relation to cell retention.

5. In pharmacology, a monotonic gradient exists whereby increased

drug exposure results in increased physiological effect. To date,

there are no convincing studies demonstrating a biological gradient

to support a causal association between long-term cell retention

and an improvement in heart function.

As such, a more nuanced view of cardiac cell engraftment has

begun to emerge.94 The data supports the view that early cell reten-

tion predicts transplant outcomes, and some degree of retention is

likely important. Much of the biomaterial work directed toward

increasing cell retention likely modifies the paracrine output of

transplanted cells to improve treatment effects. When the paracrine

output of a cell product is fixed and unchanging, there is likely a

“threshold dose” of transplanted cells that once attained, further

increases in cell number are not needed or beneficial. Transplant out-

comes become dependent on increasing exposure to a more potent

paracrine cell product rather than simply increasing the number of

cells retained. It follows that a highly potent paracrine product will

evoke a given improvement in cardiac function after a low number of

cells have been retained, while a cell product of lower potency will

evoke the same response only after a greater number of cells have

been retained. In the coming years, these observations will likely play

important roles in directing the progress of the field by defining how

and when a cell therapy is administered to patients.

2 | PROGRESS TOWARD MYOCYTE
REPLACEMENT

With the advent of new cellular reprogramming techniques, several

groups have focused on restoring cardiac function by directly

replacing lost myocytes with new cardiomyocytes derived from PSCs.

Unlike paracrine-based therapies, this strategy is inherently tied to

successful engraftment and long-term retention of functional

cardiomyocytes.95

Early work naturally centered on perfecting techniques to direct

differentiation of PSCs toward a cardiac lineage. Contemporary proto-

cols now commonly involve using small molecules to modulate the

canonical Wnt signaling pathway to first promote mesoderm specifi-

cation through activation of Wnt followed by specification to a car-

diac progenitor identity by inhibiting Wnt.96,97 A variety of selection

strategies can then be used to yield a 95%+ population of beating

cardiomyocytes.98

Despite this progress, the field continues to struggle with prob-

lems related to maturation of PSC-derived cardiomyocytes. These

immature cells differ from adult cardiomyocytes in their contractility,

electrophysiology, metabolism, morphology and response to calcium

or β-adrenergic stimulation.99 In response, many groups have looked

toward customized small molecules, extracellular matrix scaffolds, and

electrical/mechanical stimuli to improve tissue maturation and func-

tion with some success. But these hurdles are not inconsequential as

regulatory approval will likely require that an eventual PSC-derived

cell therapy fully address all issues related to arrhythmogenicity,

immunogenicity and tumorigenicity.100 As outlined above, early trials

are now underway to investigate the ability of hydrogel patches or
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stacked cell sheets to improve function and establish product safety.

For example, the recently started BioVAT-HF Trial (NCT04396899)

combines PSC-derived cardiomyocytes with stromal cells in a bovine

collagen type I hydrogen to enhance improve heart function in

patients with end-stage heart failure. This interesting approach lever-

ages multiple mechanisms to enhance heart function, namely compli-

mentary cell types with possible additive benefits while the

biomaterial will provide mechanical support to the damaged myocar-

dium, limit anoikis of transplanted cells and restore extracellular matrix

cues lost during post infarct remodeling. Given concerns regarding

pro-arrhythmia, many trials have so far been restricted to patients

with an implantable cardioverter defibrillator in place to abort sudden

cardiac death and most have prophylactically treated patients with

antiarrhythmic medications to prevent initiation of cardiac arrhyth-

mias. Reassuringly, a recent small (n = 6) open label phase 1 trial of

embryonic stem cell-derived CD15+ Isl-1 progenitor cells demon-

strated the technical feasibility and 12-month safety of this

approach101; thus, rationalizing future, adequately powered, efficacy

studies in this exciting area.

3 | CONCLUSION AND FUTURE
DIRECTIONS

The last two decades have provided a wealth of insights into the

mechanics and mechanisms of cardiac regeneration. Clearly,

the human heart possesses low level turn over as tissue is dismantled,

destroyed, and rebuilt. Exogenous adult and pluripotent cells can stim-

ulate repair, but these benefits have limits which reflect the cell

source potency and recipient capacity. Given that paracrine factors

recapitulate many of the effects seen with parent cells, recent work

has naturally focused on the extracellular vesicles secreted by these

cells, or the defined factors contained within these vesicles. This inno-

vation has the potential to “bypass” paracrine cell injection and, unlike

a systemic drug that binds to a single receptor, extracellular vesicles

or defined factors can be selectively uptaken by target cells (which

reduces off target side effects) and engineered to exploit many differ-

ent complimentary pathways (unlike a drug that stimulates a single

response). Live cell administration will still have a role as a scar

replacement source, but these products will need to establish a robust

safety profile to increase feasibility and the interplay between these

two technologies remains to be defined over the coming years.
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