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ABSTRACT: In the past decades, numerous preclinical studies and several clinical trials have evidenced the feasibility of cell
transplantation in treating heart diseases. Over the years, different delivery routes of cell therapy have emerged and broad-
ened the width of the field. However, a common hurdle is shared by all current delivery routes: low cell retention. A myriad of
studies confirm that cell retention plays a crucial role in the success of cell-mediated cardiac repair. It is important for any de-
livery route to maintain donor cells in the recipient heart for enough time to not only proliferate by themselves, but also to send
paracrine signals to surrounding damaged heart cells and repair them. In this review, we first undertake an in-depth study of
primary theories of cell loss, including low efficiency in cell injection, “washout” effects, and cell death, and then organize the
literature from the past decade that focuses on cell transplantation to the heart using various cell delivery routes, including
intracoronary injection, systemic intravenous injection, retrograde coronary venous injection, and intramyocardial injection. In
addition to a recapitulation of these approaches, we also clearly evaluate their strengths and weaknesses. Furthermore, we
conduct comparative research on the cell retention rate and functional outcomes of these delivery routes. Finally, we extend
our discussion to state-of-the-art bioengineering techniques that enhance cell retention, as well as alternative delivery routes,
such as intrapericardial delivery. A combination of these novel strategies and more accurate assessment methods will help to
address the hurdle of low cell retention and boost the efficacy of cell transplantation to the heart.
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ment of heart diseases,'~* especially of myocardial

infarction (MI),%% one of the challenges still to over-
come is poor engraftment of transplanted cells."” This
problem may be explained by untargeted delivery routes
and low cell retention at the injury sites after transplanta-
tion.” Cell retention and engraftment refer to the fraction
of transplanted cells retained in the myocardium for a
period of time (minutes to days).” While the therapeutic
effect is premised on cell survival,g cell retention should
be given more attention as a way to improve cell de-
livery fundamentally. Moreover, it has been confirmed
by the literature that cell retention plays a crucial role
in cardiac repair and regeneration.? It is important for

Although cell therapy has shown potential for treat-

any delivery route to maintain donor cells in the recipient
heart for a long enough time for the cells to not only
proliferate by themselves, but also to send paracrine
signals to surrounding damaged heart cells® to repair
them. Therefore, a higher retention rate is a prerequisite
for the success of cell-based heart regeneration.

CURRENT CHALLENGES TO
CARDIAC CELL THERAPY: LOW CELL
RETENTION AND ENGRAFTMENT

Notably, many preclinical studies and clinical tri-
als have clearly demonstrated that the retention of
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Nonstandard Abbreviations and Acronyms

CDC  cardiosphere-derived cell

CSC cardiac stem/progenitor cell
MSC  mesenchymal stromal/stem cell
RCV retrograde coronary venous

transplanted cells in the heart by any current deliv-
ery method is low"'9?" (Table), especially in long-
term studies. Because the universal objective of all
cell-based therapies is for cells to act as a “drug”
that treats the infarct area in the heart, it is prefer-
able that they stay at the desired location for longer,
rather than dying or being “washed out” before their
death. In other words, above all other strategies to
improve the efficacy of cell therapies, the first priority
is to keep the cells at the desired location. However,
regardless of delivery route, many have reported
low cell retention in both animal studies and clinical
trials.”'°72 Over the years, the reasons and factors
influencing cell loss are explored by many hypoth-
eses (Figure 1).

FACTORS ATTRIBUTING TO CELL
LOSS

Low Efficiency in Cell Injection

Early discussion of all cell delivery routes involves en-
suring successful delivery of cells into the targeted site.
Poor efficacy of transplantation can result not only in
cell loss, but also in unpredictable cell distribution in
vivo, which would be detrimental to the patient. This
issue occurs with both systematic and local delivery
of cells. Traditional systemic delivery of cells has been
shown to be inefficient at delivering cells to the heart,
and even causes adverse effects when the injected
cells accumulate in other organs, such as the lungs.
For local intracoronary injection, transplanted cells
need to undergo transendothelial migration before they
can reach the infarct zone. During their movement,
plugging can happen as they pass through narrow
capillaries, which have diameters similar to cells. Thus,
those blocked cells become the barrier that prevents
other cells from traveling from the coronary vessels to
the parenchyma.

“Washout” Effects

The washout theory is highlighted in many local cell
delivery routes, especially intramyocardial injection
(either epicardial or endocardial).?®?° During invasive
surgery, needles or catheters can cause mechani-
cal damage to cardiac tissue, opening blood vessels
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and leaving a needle track in the myocardium. As
soon as cells are injected into the myocardium in
fluid medium, it is likely that they will drain through
those gaps on the damaged blood vessels, whose
diameter is much larger than that of cell's. What is
more, given the fact that the heart is a contractile
pump and has automaticity, the beating of surround-
ing cardiomyocytes squeezes the narrow space in
the myocardium and adds extra pressure to trans-
planted cells, increasing their drainage throughout
the circulation system.?® Besides blood flow, the cells
can also be washed out of the heart by lymphatic
drainage. Together with blood vessels, the heart also
has lymphatics that consist of capillary plexuses that
continuously drain subendocardial, myocardial, and
subepicardial areas, followed by lymphatic collecting
vessels that lead the lymph out of the heart. Similarly,
lymphatics become the other “exit” that helps trans-
planted cells escape from the harsh microenviron-
ment of the heart.

Cell Death

In addition to physical washout from the heart, trans-
planted cells are likely to die before making an in-
fluence on the injured cardiac tissue.®° First, as a
foreign biologic, they will be recognized and cleared
by the immune response. Inflammatory cells, such
as macrophages and neutrophils, have the ability to
secrete several cytokines that are cytotoxic to the
transplanted cells, leading to their apoptosis. When
many cells die, a necrotic core is likely to form, se-
creting proinflammatory cytokines that can kill more
healthy cells as a consequence. Second, the dam-
aged cardiomyocytes in the infarct zone can re-
lease reactive oxygen species, which also results in
transplanted cell apoptosis. What is more, the infarct
area’s microenvironment is deficient in extracellular
matrix infrastructure and oxygen and nutrient levels.
As a result, many transplanted cells die in these un-
favorable living conditions.

CURRENT CELL DELIVERY ROUTES
TO THE HEART

Intracoronary Injection

Intracoronary injection, also called intracoronary in-
fusion, is one of the most practical routes for cell
delivery.'01:31-87 As g regional injection method, it can
send cells directly to the culprit coronary artery. This
method is well accepted clinically because of its mini-
mally invasive nature, in which the occluded blood ves-
sels are dilated by an inflated balloon. Cells are then
delivered by a catheter that has been placed into the
distal coronary bed near the ischemic area. However,
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the transendothelial migration of cells from the coro-
nary artery to the myocardium cannot be controlled
by the operators and, unfortunately, is often unsatis-
fying, which leads to low cell retention and poor en-
graftment of cells in the infarct zone. One of the crucial
factors affecting cells’ movement is the formation of
clogs in narrow capillaries through which they try to
pass. These capillaries have diameters that are smaller
or similar to that of cells. Furthermore, because of high
pressure and perfusion in the artery, transplanted cells
that are in a liquid environment become unstable and
easily washed out of the heart. On the basis of these
challenges, the benefits of intracoronary injection are
not concrete, despite some literature demonstrating a
positive outcome.

The intracoronary injection method has been ap-
plied in both animal studies and clinical trials during
the past decades.t1315-19:38.39 Campbell et al devel-
oped an ex vivo Langendorff heart perfusion model
in rats to assess donor cell retention after intracoro-
nary injection.*® The bone marrow mononuclear cells
that they injected by intracoronary route had a 20.1%
retention rate at 5 minutes postinjection, whereas
bone marrow—derived mesenchymal stromal/stem
cells (MSCs), a larger cell type with median diameter
of 11.5 um (versus 7.0 pm for bone marrow mononu-
clear cells), were retained with a >3-fold enhanced
rate of 77.5%. The relationship between cell size and
retention performance was reemphasized by the
finding that retention rate decreased to <10% when
the size of the injected cells was 5 to 6 um. These
retention data agree with the theory of cell clogging
in coronary capillaries, whose diameter is 5 to 10 um
in humans and smaller in rodents. In a porcine Ml
model, Zlabinger et al found that intracoronary in-
jection of MSCs led to cell retention of 1.7+0.1%
(P=0.041) 3 hours postinjection.'® At 24-hour and
7-day follow-up, the number of labeled MSCs de-
creased in the heart continuously and had unfavor-
able biodistribution in bone marrow and other organs,
even at 1 week postinjection. This explained the low
retention in the heart and demonstrated the escape
of donor cells into the circulation system. Vrtovec
et al investigated long-term effects of intracoronary
CD34* cell transplantation in dilated cardiomyopathy
in a 5-year clinical trial.'® At 2 hours posttransplanta-
tion, the average cell engraftment was 7.1+1.5%. At
18 hours posttransplantation, the retention of cells in
the myocardium decreased to 5.3+1.3% (P<0.001),
which agreed with previous studies. In their trial, they
confirmed the importance of cell retention for the
success of stem cell therapy and found that patients
with poor cell homing did not significantly improve
left ventricular function at any time point. In addition,
they showed that better homing is associated with
better host response to stem cells.
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Figure 1.

The futility in intracoronary injections was mentioned
in other clinical trials as well.*'~*8 de Silva et al applied
intracoronary infusion of mononuclear cells from either
bone marrow or granulocyte colony-stimulating factor
mobilized apheresis product to a swine model of MI.#!
After 6 weeks, they found that intracoronary-delivered
cells, compared with the placebo group, did notimprove
cardiac repair according to systolic function, adverse
ventricular remodeling, infarct size, and perfusion pa-
rameters. Similarly, Fernandez-Avilés et al reported the
results of the CAREMI (Safety and Efficacy Evaluation
of Intracoronary Infusion of Allogeneic Human Cardiac
Stem Cells in Patients With AMI) trial, in which they
administered allogeneic cardiosphere-derived cells
(CDCs) in patients with ST-segment—elevation MI.*
Among 49 patients, their data showed no significant
immunologic reactions and no differences in cardiac
magnetic resonance imaging—based efficacy parame-
ters within 12 months, which demonstrated the safety
of intracoronary delivery route of CDCs but also raised
doubts as to its efficacy. Similar modest outcomes
were reported in the ALLSTAR (Allogeneic Heart Stem
Cells to Achieve Myocardial Regeneration) trial*® and
some others.*446 Jeyaraman et al conducted a meta-
analysis to explore the clinical data supporting the ef-
fectiveness of intracoronary-administered autologous
bone marrow-derived mesenchymal stem/stromal
cells in patients with ST-segment—elevation MI.*® Their
analysis, which included 3356 patients in 42 random-
ized controlled trials, concluded that there was no de-
tectable reduction in mortality, arrhythmia, or infarct
size and no improvement in myocardial function at-
tributable to BMSC treatment. These clinical lines of
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Primary theories of low cell retention in the damaged heart.

evidence questioned intracoronary injection to a large
extent.

Intravenous Injection
The systemic delivery route is traditionally used for
drug delivery and gene therapy for heart diseases.*%%°
Because of its advantage of being minimally invasive,
it has also been introduced in the area of nanomedi-
cine®% and cell therapy.'%":81-%" Increasing evidence
shows that the homing of stem cells to the injured site is
a natural function of the body regulated by signals from
the heart under MI.54%% Systemic delivery of cells is con-
ducted by injection through a needle or catheter into the
peripheral vein. The stem cells entering circulation will be
recruited from the blood vessels where they are delivered
to the infarcted zone in the heart where ischemia occurs.
However, the efficacy of homing and engraftment into the
heart of transplanted cells is limited.”%>%6 One of the most
important reasons cells do not reach the heart is that
they are entrapped or occluded in other organs, such as
the lungs or spleen, because of these organs’ complex
microvasculature and capillary system. Another factor is
that the recruitment of donor cells to the heart is highly
dependent on the signaling pathways started in the is-
chemic cardiac tissue.>* Therefore, if signals decrease
with time or are weakened before fulfiling their roles, the
homing effect will be even more disappointing. To con-
clude, despite the simple and minimally invasive proce-
dure, systemic intravenous injection is an indirect delivery
route that needs more mechanism research to optimize.
It was reported by Wang et al that when MSCs
were injected in a rat Ml model, most of the cells were
entrapped in the lung after 10 to 14 days and <1%
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were found in the heart after 4 hours.?® They found
that around 52% of the intravenous-injected MSCs
were entrapped in the lungs and, similarly, <1% were
retained in the heart at 1 day postinjection.?® On the
other hand, intravenous injection can also success-
fully target the heart. In a recent study, Yamada et al
used bone marrow multilineage-differentiating stress
enduring cells for heart repair by intravenous infu-
sion.?* After 3 days, they found that 14.5+4.0% of the
injected cells were engrafted into the heart, mainly at
the border area, which is unexpectedly higher than
other studies delivering cells to the heart by intrave-
nous injection. And more surprisingly, those retained
cells were proliferating in the heart and showed higher
amount in the left ventricle at 2 weeks and as long as
2 months. This study implies that the type of trans-
planted cell and the homing mechanism play important
roles in the success of intravenous injection, as homing
is crucial to functional repair. Notably, because homing
signals can decrease rapidly, systemic delivery is only
effective during a narrow window. Thus, the benefits
of this delivery route on treating cases of chronic myo-
cardial ischemia or cardiomyopathies remain unclear
because of the lack of homing mechanisms.®” On the
other hand, thanks to its noninvasive nature, repeated
administration is possible. It has been reported that
repeated intraventricular infusion has cumulative ben-
eficial effects on cardiac function, although it does not
increase cell engraftment significantly.>-%° If repeated
systemic intravenous injections can be optimized in fu-
ture studies and proven to be safe and effective, this
delivery route will be more promising for cardiac cell
therapy.

Retrograde Coronary Venous Injection

Unlike the regular antegrade intracoronary injec-
tion, there is another retrograde intracoronary injec-
tion that delivers cells into circulation.'®31-37 |n this
method, a catheter is passed percutaneously (eg, by
the femoral vein), and will cannulate to the coronary
sinus through the right atrium, reaching the target
coronary vein. Cells are then injected during balloon
occlusion of the distal coronary sinus to avoid rapid
washout by the blood flow. Unfortunately, cell reten-
tion is still moderate in this injection route, although
it shows higher clinical safety.'®%° Because of the
venous system’s larger diameter and slower blood
flow compared with the artery system, the retrograde
coronary venous (RCV) injection provides a more
feasible platform for cell delivery with minimal risk
of occlusion and obstruction. In the past 20 years,
there have been a few studies providing cell retention
rates from RCV injection.’®"8% Most of the studies
reported a retention rate of <10%, whereas Suzuki et
al reported a remarkable result of >30%.'5176061 As g
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relatively safe delivery route, RCV injection has also
been applied to clinical trials. Silva et al conducted
a 30-patient trial in which autologous bone marrow
mononuclear cells were injected by RCV injection.?!
After 4 hours, cell retention was reported at 4.2+1.1%
and decreased to 3.2+0.3% after 24 hours. However,
a higher percentage of cell retention was found in pa-
tients with anterograde intracoronary artery injection
compared with retrograde injection, which indicates
that more studies are needed.

Intramyocardial Injection

As one of the most straightforward routes to deliver
cells to the heart, intramyocardial injection has been
popularly applied in preclinical animal study and clini-
cal trials.1#20.272862-65 Degpending on different tech-
nigues, intramyocardial injection can be performed on
both sides of the myocardium, through either the epi-
cardium or the endocardium.!%1:31-37

Epicardial intramyocardial injection consists of
puncturing the myocardium from the epicardium with
a needle and injecting cells. This method requires
open-chest surgery and the exposure of the heart,
which limits its clinical application. Despite this, this
approach is still preferred in preclinical research using
small or large animal models because of the simple
equipment needed.'6-1827.818667 Al it has been ap-
plied to deliver other cell-derived therapeutic agents to
the myocardium, such as exosomes,® and cell-based
therapeutics, such as cardiospheres.®® What is more,
compared with intracoronary or intravenous injection,
the intramyocardial delivery route does not inject cells
into the circulatory system but into the tissue directly,
limiting the washout of cells by blood flow and thus
enhancing cell retention.

Nevertheless, the mechanical damage that in-
tramyocardial injection inflicts on the myocardium is
inevitable and nonnegligible. Zhao et al reported that
the injection sites of an aging mouse heart showed
obvious fibrotic staining, likely caused by needle in-
jury, indicating intramyocardial injection may be dan-
gerous for aging mice.”® Their results also showed
that intramyocardial-injected CDCs did not improve
heart function and systemic performance in aging
mice. In another study, van den Akker et al used
real-time dynamics to visualize intramyocardial cell
injections.?® The results show a massive, immediate
washout of injected cells via venous drainage after
5 minutes. Therefore, better assessment and optimi-
zation of cell retention using intramyocardial injection
is needed. One such study is by Terrovitis et al, where
positron emission tomography (PET) was applied to
accurately quantify CDC retention in the heart after
intramyocardial injection.?” At 1 hour postdelivery,
the retention rate was reported at 17.6+11.5% by
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polymerase chain reaction (PCR) and 17.8+7.3% by
PET. What is more, to increase the retention perfor-
mance, they developed strategies, such as sealing
injection sites with fibrin glue and lowering ventricu-
lar rate by using adenosine, and found that all these
optimization methods enhanced cell engraftment to
different extents and have the potential for clinical
translation. Although there are many clinical stud-
ies reporting safety and therapeutic benefits of in-
tramyocardial injection of different cell types,”"~"® few
have evaluated the retention of donor cells, which is
likely a key factor in cardiac repair.

Endocardial intramyocardial injection also con-
sists of penetration of the myocardium, but from the
inside of the ventricular wall, or the endocardium,
instead. Because of this, a catheter is used instead
of a needle. Similar to RCV injection, a long cath-
eter is threaded through the peripheral blood ves-
sels into the left ventricle, where the cells are injected
through the endocardium. Generally, this approach
is not as invasive as epicardial injection because of
the use of an external guidance system and precise
instruments. For this reason, it is more widely used
in clinics, as there is no need for open-chest surgery.
Consequently, it requires more advanced medical
systems and higher expenses.

The transendocardial injection method has also
been studied in both animal models and clinical tri-
als 1320657 Mitsutake et al evaluated cell retention
after 1 hour using the Helix transendocardial delivery
system (BioCardia Inc).!”®* Bone marrow mononuclear
cells were delivered with a catheter via the percutane-
ous transendocardial route using the Helix system and
were found to have a higher retention rate (17.9+3.1%)
compared with transepicardial injection (6.0+£1.5%).
Similarly, Vrtovec et al compared transendocardial
CD34+ cell transplantation with intracoronary injec-
tion in a clinical trial of patients with nonischemic di-
lated cardiomyopathy.?® At 18 hours postprocedure,
they found the cell retention was nearly 5-fold higher
in the transendocardial group (19.2+4.8%) than in the
intracoronary group (4.4+1.2%; P<0.01), which, in turn,
provided improvement of cardiac function. There are
also many other trials that did not discuss retention but
verified the feasibility and practicality of this relatively
safe delivery route.647576

Cell Sheet Transplantation

In the past decade, cell sheet transplantation
has been reported in clinical trials led by Okano
and Sawa. First applied in 1993, this method has
been continuously applied to deliver different cell
types to treat heart diseases, and has been imple-
mented in many preclinical studies.3*7-8 QOkano
and colleagues developed a novel bioengineering
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technology to generate cell sheets using thermore-
sponsive culture dishes.®' This unique dish is coated
with a temperature-responsive polymer that is hydro-
philic at 37°C, but hydrophobic at <25°C, so that cells
can attach to the bottom and grow normally at 37°C.
When the temperature goes down to <25°C, cells will
be detached spontaneously, forming a scaffold-free
cell sheet. The cell sheets can be placed onto the ep-
icardial surface to target the infarct zone of the heart.
Thus, this approach is praised for its minimally inva-
sive transplantation to the heart as well as its higher
cell retention when compared with intramyocardial,
intracoronary, and intravenous injection, which is
confirmed by many animal studies.3*77-82

Intrapericardial Injection
Similarly, many researchers have focused on the de-
velopment of another innovative cell delivery route:
intrapericardial injection. The pericardium is a double-
wall sac that surrounds the heart and protects it from
the intrathoracic environment. There is a space be-
tween the parietal and the visceral pericardium called
the pericardial cavity, which contains pericardial fluid.
The pericardial fluid, an ultrafiltrate of plasma (similar
composition but with fewer proteins, triglycerides,
and cholesterol), has been shown to be beneficial
to cell growth and migration.83 The original function
of pericardial fluid, which is secreted by the serous
membrane, is to decrease friction between the heart
and adjacent tissues. What is more, the relatively
larger volume in the pericardial cavity is believed to
accommodate more donor cells compared with the
dense tissue of myocardium.®* Therefore, more cells
can be injected, and the chance to have more cells
retained after hours or days is higher. The pericar-
dium acts as a “film” to cover the transplanted cells,
supporting retention. Unlike intramyocardial injection,
which needs to penetrate the myocardium and dam-
age the blood vessels inside, intrapericardial injec-
tion reaches the pericardial cavity without damage to
the epicardium layer, lowering risk to the patient and
increasing feasibility for clinical applications.®3-8°
Intrapericardial injection has attracted scien-
tists” attention since the end of the last century and
has been studied continuously over the past de-
cades.t6%" In fact, many preclinical studies have
shown the feasibility of intrapericardial administra-
tion for gene delivery and other pharmacological
agents, including fibroblast growth factor, L-arginine,
and omega-3 fatty acids.®5-°" When it comes to
cell therapy, however, few studies have been done.
Blazquez et al used a swine model to evaluate the
in vivo biodistribution of MSCs injected into the peri-
cardial cavity.8% They tracked the cells by magnetic
resonance imaging, histological examination, and
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Y-chromosome amplification. All of these methods
showed a clear, large presence of MSCs in the peri-
cardium, both ventricles (left and right), and both
atria 7 days postinjection. Unfortunately, they did not
provide the quantification data for the cell retention
rate, so we are unable to compare with intraperi-
cardial injection and other current delivery routes.
What is more, Blazquez et al also transferred this
method to CDC delivery and confirmed its safety and
feasibility.®®

COMPARATIVE STUDIES ON
DIFFERENT CELL DELIVERY ROUTES

Since the beginning of cell therapy for heart diseases,
generations of scientists have been comparatively dis-
cussing delivery methods in their preclinical animal
studies or clinical trials.!316-18.20.21.749293 Fyen if the
strengths and weaknesses of these methods are indis-
putable, attitudes toward them vary from one scientist
to the next, and these attitudes continue to evolve as
technology develops/advances.

RCV Route Versus Intracoronary Route
Because of RCV injection’s similarities with intracoro-
nary injection of delivering cells through blood ves-
sels via a catheter, the 2 have often been compared
(Figure 2A). Gathier et al compared the 2 in a porcine
model by injecting MSCs into swine hearts via both
methods and measuring cell retention after 4 hours.”®
Their results show that retention was significantly lower
after RCV injection (median RCV injection versus in-
tracoronary: 2.89% versus 13.74%; P=0.002). What is
more, they also found that RCV injection can lead to
development of pericardial fluid and hematomas on
the front wall of the heart, which suggested low safety
and efficacy.

Intramyocardial Route Versus
Intracoronary Route

As the 2 most popular methods, there is no lack of
comparison and discussion between the intracoronary
route and intramyocardial route (Figure 2B). In a swine
preclinical model of chronic ischemia-reperfusion,
Collantes et al used PET-computed tomography
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imaging to quantify cell retention rate 4 hours after
intracoronary and intramyocardial injection of cardiac
stem/progenitor cells (CSCs) and made a head-to-head
comparison.'® Interestingly, their results showed similar
levels of short-term cell retention in both intramyocar-
dial (13.4+3.4%) and intracoronary (17.4+4.1%) injected
groups. In their study, however, cell engraftment per-
formance and retention were not correlated, as en-
graftment was improved by intramyocardial injection.
At 3 days postinjection, engrafted CSCs were only de-
tected in intramyocardial injection by histological evalu-
ation. In a similar study that also used the swine model
of reperfused MI, Zlabinger et al found the highest
MSC retention after intramyocardial injection 3 hours
postdelivery (6.9+5.9%) versus intracoronary injection
(1.7+0.1%; P=0.041)."® Even after 24 hours and 7 days,
the retention in the intramyocardial group was still sig-
nificantly higher than in the intracoronary group. They
also studied the mechanism behind stem cell homing
and found there was a reduced C-X-C chemokine re-
ceptor type 4 (CXCR-4) expression level in the intra-
coronary injection group, which was in line with the
retention data. In addition to the animal models, a
comparative study was also conducted in clinical trials.
In a trial with 40 patients, Vrtovec et al reported that at
18 hours postprocedure, the retention of CD34" cells
was higher in the transendocardial group (19.2+4.8%)
than in the intracoronary group (4.4+1.2%; P<0.01),
which was associated with the improvement of cardiac
function.?®

Multiple Comparisons

There are also cases of comparisons between >2 de-
livery methods. Hou et al evaluated the retention of pe-
ripheral blood mononuclear cells after intramyocardial,
intracoronary, and interstitial RCV delivery in a swine
model."” At 1 hour postinjection, they quantified cell
retention in the heart by y-emission counting in terms
of radioactivity and found significantly more retained
cells after intramyocardial injection (11.3+3%) than after
intracoronary injection (2.6+0.3%; P<0.05). Interstitial
RCV infusion showed lower retention than intramyo-
cardial (3.2+1%), even though there was no statistical
significance. Among the intramyocardial group, they
also noted that delivery efficiency was less consistent
than in the intracoronary and interstitial RCV groups,
suggesting the uncertain and uncontrollable factors of

Figure 2. A summary of cell retention study.

A, Representative comparative studies on retrograde coronary venous (RCV) injection and intracoronary (IC) injection.’>'"?! B,
Representative comparative studies on intramyocardial (IM) injection and IC injection.’®'6-18.20 G Summarizing representative studies
on RCV injection, IC injection, and IM injection based on short-term retention. (All reported retention rate results herein were measured
within 24 hours postinjection.)'3-'517-19.21-27 p Summarizing representative studies on RCV injection, IC injection, and IM injection based
on specific time points.’3-1517-19.21-27 E ' Relationship between short-term cell retention rate and long-term improvement of cardiac
function (represented by left ventricular ejection fraction) in representative studies.'#16:20.21.94-97 A|| data are means+SD. Comparisons
among groups were performed using 1-way ANOVA, followed by post hoc Bonferroni test. The comparisons between samples are
indicated by lines, and the statistical significance is indicated by asterisks above the lines.
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intramyocardial injection, such as an inaccurate injec-
tion site and needle-piercing depth. This concern is
reasonable because the intramyocardial method does
not use blood vessels in its delivery mechanism. What
is more, Hou et al also investigated the topographic

distribution of delivered cells in the heart.'” Cells de-
livered by intramyocardial injection were primarily de-
tected in the anterolateral left ventricular wall, whereas
cells delivered by intracoronary injection were dis-
tributed predominantly in the anterolateral and apical

J Am Heart Assoc. 2021;10:e020402. DOI: 10.1161/JAHA.120.020402
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regions of the left ventricle, with some on the right
ventricle. In the interstitial RCV route, cells were mainly
distributed in the heart base, atria, and right ventricle.
This finding could give some insight as to the thera-
peutic effect of cells transplanted by different routes.
To summarize, many preclinical and clinical studies
using intramyocardial delivery of cells result in higher
cell retention when compared with intracoronary or in-
travenous delivery. In addition, among intramyocardial
injection methods, transendocardial delivery demon-
strated better cell retention performance compared
with epicardial delivery, which could be explained by
the transmural heterogeneity hemodynamic and physi-
cal surface tension in epicardial injection with greater
mechanical extrusion to the heart.

INCONSISTENCY OF CELL
RETENTION RESULTS AND ITS
RELATIONSHIP TO CARDIAC
FUNCTION

Generally, we have found a higher overall retention rate
in intramyocardial injections than in intracoronary in-
jections and RCV injections, based on representative
studies in the past decade (Figure 2C and 2D). Notably,
when we make a systematic, comparative study of the
literature, differences in animal models, cell types/
dose, timing of delivery, and cardiac injury (eg, arterial
ligation versus ischemic reperfusion) can lead to vary-
ing degrees of inconsistencies.

Unsurprisingly, the inherent differences between
small animal models and humans might attribute
to the disappointments of cardiac cell therapy in
some clinical trials. Although murine models could
provide us with valuable preclinical information and
expectations, they are still not faithful enough to
completely represent heart diseases in humans.
Interestingly, however, inconsistent results were
also found between studies of similar animal mod-
els. For example, in the study by Gathier et al, the
retention of injected MSCs in a swine model was
reported to be 13.74% by intracoronary infusion
4 hours postinjection.’” Meanwhile, in a similar
study that was conducted by Zlabinger et al in a
swine model of MI, MSCs were also delivered via
intracoronary infusion and cell retention at 3 hours
postinjection was considerably lower at 1.7+0.1%.'°
The differences in retention rates between these
studies could be caused by the delayed treatment
by cell delivery following the MI. In Gathier’s study,
cells were administrated 4 weeks post-MI, whereas
in Zlabinger’s study, administration was at 1 week
post-MI (8+2 days). A similar phenomenon was
found with intramyocardial injection. In Zlabinger’s
study, cell retention after intramyocardial injection
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of a swine model was 6.9+5.9% at 3 hours post-
injection. However, in Collantes’ study, CSCs were
injected under the same setting but with a de-
layed treatment (30 days after intramyocardial ver-
sus 8+2 days in Zlabinger’s). The retention rate at
4 hours postinjection was 13.4+3.4%, which was
2-fold higher than that of Zlabinger’s. The improved
therapeutic effect of delayed cell delivery post-Ml
on cell retention is not accidental but reasonable.
It could be explained by the signaling mechanism,
which is critical to the successful homing of trans-
planted cells to the heart. During the process of
transendothelial migration to the parenchyma in the
myocardium, adhesion molecules are crucial to the
communication and migration of transplanted cells,
and these molecules have a continuously increas-
ing level of expression following MI. Thus, we can
hypothesize that, within certain limits, a relatively
longer period of delayed treatment post-Ml could
result in higher donor cell retention, while notably,
not necessarily leading to better functional recov-
ery. The latter can be explained by transmurality of
the infarct, which plays an important role in deter-
mining the recovery of cardiac function after most
therapies. The recovery of segmental contractile
function is inversely correlated with the transmural
extent of MI.98 A relatively longer period of delayed
treatment can lead to a greater transmural extent,
finally resulting in poorer functional recovery. But
in general, within certain limits, a higher cell reten-
tion rate is positively correlated to better cardiac
function, which is suggested by the left ventricular
ejection fraction, infarct size, and other evaluations,
according to our review. Assessable data from
representative studies were plotted in a graph to
indicate a positive correlation between short-term
cell retention rate and long-term improvement of
cardiac function (left ventricular ejection fraction)
(Figure 2E).94-97

METHODS TO QUANTIFY CELL
RETENTION IN THE HEART

Another possible explanation of the inconsistencies
between retention data of different studies is in the
method for cell detection and quantification.” In many
studies, including Gathier’'s and Collantes’, measur-
ing radioactivity of radiolabeled cells using PET/
computed tomography techniques was the evalua-
tion standard for cell retention rate.'®'® All the meas-
urements were obtained in vivo without isolating
the heart from the body. In some studies, including
Zlabinger’s, cells were labeled with bioluminescence
and/or fluorescence, such as green fluorescent
protein, before injection and quantified by ex vivo
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visualization of the luminescent/fluorescent cells.'
Other quantification methods include quantitative
real-time PCR,” which focuses on cell-specific se-
quences as targets instead of exogenous labels (eg,
radioactivity or fluorescence).

For bioluminescence and fluorescence imaging,
quantification is based on subjective visualization
instead of quantitative analysis, which can be in-
consistent as fluorescent background complicates
objectively drawing a boundary between positive and
negative fluorescence. In addition, most of the imag-
ing methods were based on 2-dimensional instead of
3-dimensional images of the whole heart, leading to
incomplete evaluation of all tissues. On the basis of
these drawbacks, quantification based solely on his-
tology is less reliable when compared with PET, com-
puted tomography, and quantitative real-time PCR,
which are considered to be more accurate for cell
tracking. The quantification method could therefore
explain the higher retention rates achieved by certain
studies using less accurate methods. However, no-
tably, among those relatively rigorous methods, the
application of PCR is limited to xenotransplantation
models or sex-mismatched transplantation because
of its dependence on cell-specific sequences.” In
the latter, male cells with a Y chromosome-specific
SRY gene are injected into females as donor cells.
Because female cell detection is concluded based
solely on the absence of an amplicon, PCR based
on Y chromosome SRY gene is not considered to
be completely reliable.” What is more, the frequency
of the deletion of the Y copy of the amelogenin gene
has been reported to occur between 0.018% and
8%, meaning that a deleted-amelogenin male would
inaccurately be identified as a female.®®

Compared with PCR, PET does not require in-
vasive procedures for accurate detection, which is
favorable in clinics. However, in some studies using
PET for the diagnosis of tumors, it was noted that
radioactivity could cause false positives and be
“overaccurate.” In these cases, dead cells in the
heart were detected and internalized with other living
cells, which could explain the higher retention rates
in studies using PET. To overcome these limitations,
reporter genes have been introduced in combination
with PET.” Briefly, reporter genes encoding mem-
brane receptor or enzymes are genetically integrated
to the donor cells’ genome by lentivirus or retrovi-
rus vectors. Once injected, the transgenic cells can
exclusively uptake and accumulate a systemically
injected radiotracer. Only viable cells can generate
reporter signals because the uptake process requires
protein synthesis and metabolic activity, which limits
false positives. In addition, similar to other genetic la-
beling methods, daughter cells will keep the reporter
genes after proliferation. However, the accuracy and
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stability of this method remain unclear because the
signals are generated indirectly. Despite the limita-
tions it might have, PET/computed tomography is still
the best choice among common methods at pres-
ent. Generally, in future technique development, the
methods of combining genetic labeling and in vivo
tracking need to be further developed to have rigor-
ous and noninvasive assessment of cell retention in
both preclinical studies and clinics.

STRATEGIES TO ENHANCE CELL
RETENTION

To improve the retention performance of donor cells
in the heart, generations of scientists have been
focusing on bioengineering strategies.'°%-1%2 Many
studies have proven that cell signaling and cytokines
play an important role in cell homing and engraft-
ment.>* Thus, focusing on the signaling mechanisms
is an ideal strategy to enhance cell retention. Chen et
al exploited cysteine-arginine-glutamic acid-lysine-
alanine to modify MSCs and enhance fibrin-mediated
homing ability in a rat model.'®® They found that
cysteine-arginine-glutamic acid-lysine-alanine signif-
icantly enhanced MSCs’ binding ability to fibrin clots.
Remarkably, cysteine-arginine-glutamic acid-lysine-
alanine MSCs showed 6.5-fold higher accumulation
than unmodified MSCs at 1 day postadministration,
resulting in better functional recovery of the injured
heart. Besides homing of donor cells, recruitment
of preexisting stem cells is important to cardiac re-
pair. Tilokee et al demonstrated that paracrine engi-
neering of human cardiac stem cells to overexpress
stromal cell-derived factor 1a enhances recruitment
of endogenous stem cells, promotes myocyte/ves-
sel formation, and salvages reversibly damaged
myocardium to enhance cardiac repair in a mouse
model of MI'% On the other hand, decreasing cell
death and enhancing cell survival in the myocardium
by paracrine engineering can also positively change
cell engraftment. Jackson et al transplanted explant-
derived cells overexpressing insulin-like growth fac-
tor-1 into immunodeficient mice with Ml and found
that long-term engraftment of transplanted cells was
boosted, whereas apoptosis and long-term myocar-
dial scarring were reduced.'%®

Another optimization strategy to improve injected
cell retention is dedicated to the development of
auxiliary equipment or devices to aid the process of
cell delivery. Tabei et al demonstrated a newly de-
veloped device for direct intramyocardial injection of
human-induced pluripotent stem cell-derived car-
diomyocyte spheroids.’®® Their data showed that
direct epicardial injection using this device resulted
in better distribution and retention of transplanted
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spheroids in a layer within the myocardium than
conventional needle-based intramyocardial injection
procedures. Previously, our laboratory has used US
Food and Drug Administration—approved ferumoxy-
tol to decorate stem cells or fabricate nanoparticles
to attempt magnetic targeting in the body.93107-109
As the technique continuously improves, an exter-
nal magnetic field could be placed near the injury
site.?41977109 Dyring the injection of iron-labeled (feru-
moxytol) stem cells, a magnetic field attracts them
to the injured cardiac tissue, enhancing both target
delivery and cell retention in the heart. However, the
use of a strong magnetic field during an operative
procedure may have unexpected consequences on
the patient and equipment. The development of a
more biosafe targeting strategy is needed. Maxwell
et al investigated the ability of electrical stimulation
to enhance the retention and therapeutic function
of pediatric cardiac-derived c-kit* progenitor cells in
a rat model of right ventricular heart failure."® Both
cellular retention and cardiac function were higher
in their electrically stimulated c-kit* progenitor cells.
What is more, in their mechanism study, they found
that upregulation of 31 and 35 integrins contributed
to the increased retention of electrically stimulated
c-kit" progenitor cells. Their findings showed the po-
tential of electrical stimulation to increase the reten-
tion, survival, and therapeutic effect of human c-kit*
progenitor cells without introduction of extra devices
into the heart.

As the most thriving strategy to alter transplanted
cells’ low retention, biomaterials have been inno-
vated in the past decade to be protected from wash-
out in the heart.'00-102111 |t has been confirmed in
many in vitro/in vivo studies that polymeric materi-
als could benefit cellular adhesion and proliferation,
establishing a foundation for the use of biomateri-
als."?>14 There are 2 main kinds of biomaterials for
the application of heart repair: hydrogels and cardiac
patches. Many injectable hydrogels have been de-
signed with different combinations of base materi-
als and cell types.8*11%"18 Many of the hydrogels are
delivered to the heart through intramyocardial injec-
tion.15116.118 Praviously, our laboratory demonstrated
the safety and efficacy of encapsulating CSCs in
thermosensitive poly(N-isopropylacrylamine-co-
acrylic acid) or P(NIPAM-AA) nanogel in mouse and
swine models of MI.'"® In a recent study, we created
a hydrophilic and negatively charged microenviron-
ment by poly(N-isopropylacrylamide-co-itaconic
acid), which is favorable for maintaining high viabil-
ity of CSCs."® The results revealed that hydrogel-
encapsulated CSCs promote cardiac repair through
angiogenesis and inhibition of apoptosis with an im-
proved cell retention rate. Another revolutionary bio-
material is the cardiac patch.52'19-23 Delivering cells
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in a cardiac patch increases cell retention and fulfills
many other functionalization aims.52119-123 With the
assistance of cardiac patches, scientists have suc-
cessfully developed dual stem cell therapy to treat
MI.62 Park et al delivered both cardiomyocytes de-
rived from human-induced pluripotent stem cells by
intramyocardial injection and a human MSC-loaded
patch simultaneously to amplify cardiac repair in a
rat Ml model.8? Their results showed a synergistic
effect of 2 different cell types post-MI. Epicardially
implanted human MSC-loaded patch created a
complimentary microenvironment that enhanced
vascular regeneration through prolonged secretion
of beneficial paracrine factors. More important, the
favorable niche created could improve retention,
distribution, engraftment, and maturation of cardio-
myocytes derived from human-induced pluripotent
stem cells, which ultimately improved heart function
and restored the injured myocardium. Another car-
diac patch example is from our group, which has re-
ported a novel strategy for creating a vascularized
cardiac patch using biomimetic microvessels in a
fiorin gel spiked with human CSCs."® Our results
show that the endothelialized biomimetic microves-
sels can mimic the natural architecture and function
of capillaries and that the vascularized cardiac patch
(biomimetic microvessel-CSC patch) has great re-
generative potential, which was also confirmed in a
pig model of MI."2° Meanwhile, to address the hur-
dle of slow integration with host myocardium, our
group engineered an innovative microneedle patch
integrated with cardiac stromal cells using polymeric
microneedles to create communication channels be-
tween host myocardium and therapeutic CSCs.'??
In a recent study, we fabricated an “off-the-shelf”
cardiac patch made of a porcine extracellular ma-
trix scaffold and synthetic CSCs, which are encap-
sulated secreted human cardiac cellular factors to
support cardiac recovery in a rat model of MI, show-
ing the translational potential of the cardiac patch.'®!
Unfortunately, cardiac patch-based strategies typ-
ically require open-chest surgery, which brings ad-
ditional complications, such as pain. What is more,
in transmural infarcts, solely placing a patch on the
epicardium may not be sufficient to be therapeutic,
especially when the research models are transited
from small to large animals, which needs attention
in future designs of cardiac patches. In contrast,
hydrogels have demonstrated their capability to be
injected via microinvasive operation, which explains
the popularity of this biomaterial in both preclinical
studies and clinical trials.

Beside increasing cell engraftment in the heart,
biomaterials can also shift the paracrine activ-
ity of transplanted cells. In an immunodeficient
mouse model of ischemic cardiomyopathy, Kanda
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Figure 3. A new era of cell retention study combining novel delivery strategies and accurate
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CT indicates computed tomography; IVIS, in vivo imaging system; PET, positron emission tomography;
and gPCR, quantitative real-time polymerase chain reaction.

et al found that changing the physical properties
of nanoporous gel cocoons could not only lead to
higher cell retention in the myocardium, but also
prompt explant-derived cardiac stem cells to pro-
duce greater amounts of cytokines, nanovesicles,
and microRNAs that boosted therapeutic repair
after injury.'® Remarkably, in this study, they also
noticed that treatment with 2% nanoporous gel
cocooned cells had equivalent effects on myocar-
dial function as the suspended cells, even though
nanoporous gel enhanced both short- and long-
term cell engraftment. The authors hypothesized
from this observation that once a cell dose thresh-
old has been reached, no higher engraftment of
cells would trigger further functional improvements.
When the paracrine repertoire is limited, it is import-
ant to generate endogenous cardiac repair to boost
therapeutic effects, rather than solely relying on in-
direct cardiac repair. Kanda et al also used a micro-
fluidic platform to dissect the impact of cocoon size
and intracapsular cell number on the regenerative
potential of transplanted heart explant-derived cells
in the mouse model of ischemic cardiomyopathy.'?®
They found that deterministic increases in cocoon
size boosted the proportion of multicellular aggre-
gates within cocoons, reduced vascular clearance
of transplanted cells, and enhanced stimulation of
endogenous repair.

CONCLUSIONS

To date, there have been important breakthroughs
and advancements in cell delivery methods for
heart disease therapeutics. However, none has
been optimized to be universally accepted by re-
searchers and clinicians. Despite continuous inno-
vation, each method still has many advantages and
disadvantages to be considered when designing a

therapeutic approach. For example, intracoronary
and intravenous injections are minimally invasive
procedures but present the risk of blocking blood
vessels, which can result in a second infarction,
and the accelerated blood flow in which the cells
are inserted results in higher cell washout. On the
other hand, intramyocardial delivery routes have
higher cell retention but require open-chest sur-
gery, which adds risk. This method also has rela-
tively uncertain efficiency according to an overview
of past preclinical and clinical studies. For the rea-
sons highlighted in this review, innovative bioengi-
neering techniques and alternative delivery routes
need to be explored. Novel procedures, in combi-
nation with accurate assessment methods, should
aim to overcome the existing limitations, especially
that of low cell retention, which plays a crucial role
in heart repair (Figure 3).
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