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ABSTRACT

An important stage in the development of any new therapeutic agent is establishment of the optimal
dosage and route of administration. This can be particularly challenging when the treatment is a bi-
ologic agent that might exert its therapeutic effects via complex or poorly understood mechanisms.
Multiple preclinical and clinical studies have shown paradoxical results, with inconsistent findings re-
garding the relationship between the cell dose and clinical benefit. Such phenomena can, at least in
part, be attributed to variations in cell dosing or concentration and the route of administration (ROA).
Although clinical trials of cell-based therapy for cardiovascular diseasebeganmore thanadecadeago,
specification of the optimal dosage and ROA has not been established. The present review summa-
rizes what has been learned regarding the optimal cell dosage and ROA from preclinical and clinical
studies of stem cell therapy for heart disease and offers a perspective on future directions. STEM
CELLS TRANSLATIONAL MEDICINE 2016;5:186–191

SIGNIFICANCE

Preclinical and clinical studies on cell-based therapy for cardiovascular disease have shown inconsis-
tent results, in part because of variations in study-specific dosages and/or routes of administration
(ROA). Future preclinical studies and smaller clinical trials implementing cell-dose and ROA compar-
isons are warranted before proceeding to pivotal trials.

INTRODUCTION

A critical step in the development of any new
therapeutic agent is establishment of the optimal

dosage and route of administration (ROA). This

can be especially challengingwhen the treatment

is a biologic agent thatmight exert its therapeutic

effects via complex or poorly understood mecha-

nisms. The Food and Drug Administration Center

for Biologics Evaluation and Research Guidance

for Industry: Preclinical Assessment of Investi-

gational Cellular and Gene Therapy Products,

November 2013, has recommended preclinical

proof of concept studies that include (a) deter-

mination of the pharmacologically effective

dose range (defined as the minimally effective

and optimal doses); (b) optimization of the ROA

with confirmation that the product reaches the

target anatomic site; (c) optimization of the

timing of administration relative to disease on-
set; (d) optimization of the dosing schedule; and

(e) characterization of the putative mechanism

of action. Additional studies todeterminepoten-
tial toxicity in animals and in vitro assays to eval-

uate biologic activity and potential safety issues

are also strongly encouraged.
The purpose of the present review is to sum-

marizewhat has been learned regarding the op-

timal cell dosage and ROA from preclinical and
clinical studies of stem cell therapy for heart

disease and to offer a perspective on future di-

rections. Although it might seem reasonable to
expect that the number of cells administered

would be proportionate to the observed clinical

effect, the data that has arisen from a relatively
small number of studies has yielded conflicting

andparadoxical results (Fig. 1). Importantly, the
expected direct relationship between cell dose
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and clinical effect has not been consistently observed and, in
fact, some studies have shown inverse dose-response effects.
These findings raise challenges regarding planning increasingly
complex clinical trials.

PRECLINICAL STUDIES

Preclinical studies addressing the dose range for cell therapy have
yielded paradoxical findings. Halkos et al. [1] studied swine treat-
ed with three intravenous doses (1, 3, or 10 million) of allogeneic
mesenchymal stem cells (MSCs) after a 75-minute left anterior
descending coronary artery occlusion and found that the higher
dose groups (3 and10million cells) had significantly improved left
ventricular systolic function and preload-recruitable stroke work
comparedwith the control group. In contrast,Hamamotoet al. [2]
performed a dose-escalation study of sheep using four different
doses (25, 75, 225, or 450million allogeneic STRO-3-positivemes-
enchymal precursor cells) vs. cell media, administered intramyo-
cardially at the infarct border zone, 1 hour after experimental
acute myocardial infarction (AMI). Compared with the control
group, only the lower (25 and 75 million) cell doses significantly
attenuated infarct expansion and remodeling, reducing the left
ventricular end-diastolic volume (LVEDV) and left ventricular
end-systolic volume (LVESV) and improving the left ventricular
ejection fraction (LVEF) at all cell doses (Table 1). Interestingly,
the dose ranges used in the two studies did not overlap. It is also
significant that the ROAs were different (intravenous vs. intra-
myocardial), and it is reasonable to surmise that this would influ-
ence the effects of the cell dose.

Schuleri et al. [3] in a studydelivering cells via direct injection
in open chest pigs reported a significant reduction in infarct size
with “high dose” (200 million) autologous MSCs compared with
“low dose” (20million) autologousMSCs in post-AMI swine. Re-
gional contractility, as assessed by tagged magnetic resonance
imaging-derived circumferential shortening, improved in both
groups, although the contractility of the infarct zone improved
only in the higher dose group. In contrast to these findings,
Hashemi et al. [4], using endomyocardial delivery, found that
the lower dose MSC groups (24 and 240 million) exhibited a sig-
nificant decrease in infarct size, but the higher dose group of 440
million MSCs did not.

Summarizing, the foregoing preclinical studies varied in de-
sign, ROA, and the results related to cell dose. The range of total
cell numbersused in each studydiffered significantly, and thedef-
initions of “low” versus “high dose” were inconsistent. Of partic-
ular importance, the effects of cell concentration and total
injection volume also remain to be elucidated as they relate to
the various routes of administration being used (discussed be-
low). Thus, whether a “low” or “high” dose is most efficacious
in reducing the infarct size and improving cardiac structure and
function remains unknown.

CLINICAL STUDIES

Three clinical trials have evaluated the relationship between
cell dose and clinical benefit. Quyyumi et al. [5] administered
autologous bone marrow CD34+ cells to patients with an
ST-elevation MI. The cells were infused by an intracoronary
route into the infarct-related artery 8 days after stenting and
three different cell doses (5, 10, or 15 million) were studied.
Patients who received $10 million CD34+ cells demonstrated

a significant improvement in perfusion, as measured by
single-photon emission computed tomography, and a trend to-
ward improved LVEF in those receiving 5 million CD34+ cells
compared with the control. In contrast, Losordo et al. [6] eval-
uated 24 patients who had received one of three dose cohorts
(5 3 104, 1 3 105, or 5 3 105 per kilogram autologous CD34+

cells) in a phase I to IIa, double-blinded, placebo-controlled,
randomized clinical trial, and no dose-response relationship
was observed. However, in a larger trial [6] by the same group,
167 patients were randomized to one of two doses (13 105 per
kilogram or 53 105 per kilogram autologous CD34+ cells or an
equal volume of placebo), and the low-dose group experienced
a significant improvement in angina frequency and exercise
tolerance. Finally, in the PercutaneOus StEm Cell Injection De-
livery Effects On Neomyogenesis (POSEIDON) trial [7], Hare
et al. randomized 30 patients to six subgroups according to
the source of the cells (allogeneic vs. autologous) and the dose
(20 million, 100 million, or 200 million cells). All patients re-
ceived ten 0.5-ml injections transendocardially via catheter.
Compared with the 200 million cell dose group, the patients
who received 20 million cells were found to have significantly
greater LVEF, improvement in LVESV, and a reduction in scar
size, as measured by early enhancement (Table 2).

Thus, just as noted for the preclinical studies, clinical trials
have reported inconsistent and conflicting results regarding
the relationship between the cell dose and clinical benefit. It
is also important to note that it might not be appropriate to
make comparisons between cell dosing studies that have used
different routes of administration. Furthermore, althoughmany
preclinical studies [8–11] and clinical trials [12–20] have exam-
ined other cell types, such as bone marrow-derived mononu-
clear cells (BMMNCs), c-kit+ cardiac stem cells, and cardiac
CD105+ culture-expanded MSCs (cardiosphere-derived cells),
they did not compare the cell doses but, rather, single doseswith
different cell products or placebo.

ROUTE OF ADMINISTRATION

Studies evaluating both the cell dose and the ROA or compared
intravenous administration directly with other routes have not
yet been reported. We have summarized the three studies com-
paring intracoronary and transendocardial delivery.

Perin et al. compared intracoronary and transendocardial
delivery of allogeneic MSCs in a canine model of AMI [21] and
found that transendocardial injection improved LVEF, LVEDV,
LVESV, and capillary density. However, intracoronary infusion
did not [21]. In addition, transendocardial injection was associ-
ated with a greater reduction of myocardial ischemia. When
both delivery techniques were assessed for cell retention,
transendocardial injection yielded a higher MSC concentration
permm2 than did intracoronary infusion. Vrtovec et al. reported
similar findings in patients with nonischemic cardiomyopathy,
notable for increased myocardial cellular retention and im-
provements in short- and long-term ventricular function with
transendocardial versus intracoronary delivery of CD34+ cells
[22, 23]. In contrast, Rigol et al. compared intracoronary versus
transendocardial administration of adipose tissue-derived stem
cells in a porcinemodel of AMI and found that the intracoronary
route significantly increased neovascularization comparedwith
the transendocardial route, although both delivery modes
resulted in similar rates of engraftment [24].
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The intracoronary infusion of stem cells has certain logisti-
cal benefits, including its relatively less complex technique.
However, it is limited by the inaccessibility of somemyocardial
distributions in many patients with advanced coronary artery
disease. Perhapsmost importantly, the potential for microvas-
cular obstruction by the infused cells, which can result in myo-
cardial necrosis, could limit the applicability of this technique
for certain cell types. Nevertheless, to date, this is the most
studied technique for cell delivery during the time of percuta-
neous coronary intervention after AMI [25].Moreover, the SCI-
PIO (Cardiac Stem Cell Infusion in Patients With Ischemic

Cardiomyopathy) trial demonstrated in patients with ische-
mic cardiomyopathy that intracoronary infusion of 1 million
c-kit+ cardiac stem cells is safe and effective in improving
left ventricular systolic function and reducing infarct size
[12]. However, whether higher doses are safe or exert
greater effectiveness is unknown. To this end, Keith et al.
investigated the safety of delivering higher doses of human
c-kit+ cardiac stem cells by intracoronary infusion in a por-
cine model. The investigators found that infusion of 20 mil-
lion human c-kit+ cardiac stem cells does not lead to acute
cardiac injury, impairment of cardiac function, or end organ
damage [26].

Catheter-based transendocardial injection and direct sur-
gical intramyocardial injection of MSCs have been investi-
gated in various preclinical and clinical studies and were
shown to be safe and effective [2, 3, 7, 27–36]. In an analysis
from the POSEIDON clinical trial, transendocardial injection of
MSCs reduced the scar size in both injected and noninjected
myocardial segments; however, segmental contractility im-
proved only in the injected scar segments. The increase in seg-
mental contractility was greatest in those territories with
severe baseline dysfunction [35].

CONCLUSION

An importnt issue defining any new effective therapy is to es-
tablish the optimal dose and delivery method. The use of living
cells as therapeutic agents differs inmany importantways from
traditional pharmacology, for which well-established princi-
ples of pharmacokinetics and pharmacodynamics are opera-
tive. However, in the field of cell therapy for cardiovascular
disease, these issues remain to be defined. For cell therapy, the
appropriate quantity and/or concentration of the transplanted

Figure 1. Differentdoses and/or concentrations and routesof admin-
istration have been used in various preclinical and clinical studies for
ischemic cardiomyopathy, which have led to inconsistent findings.

Table 1. Summary of preclinical studies on stem cell therapy dosing

Preclinical study and
number of cells Cell type Delivery mode

Cell-dose
relationship

Cardiac function parameter

Scar size EDV ESV EF ESPVR PRSW Peak ECC

Hamamoto et al. [2] Allogeneic MPCs
(STRO-3+)

Direct epicardial Inverse

25 million ↓ ↓ ↓ ↑

75 million ↓ ↓ ↓ ↑

225 million — — — ↑

450 million — — — ↑

Halkos et al. [1] Allogeneic MSCs Intravenous Direct

1 million — —

3 million ↑ ↑

10 million ↑ ↑

Hashemi et al. [4] Allogeneic MSCs Catheter-based TESI Inverse

24 million ↓

240 million ↓

440 million —

Schuleri et al. [3] Autologous MSCs Direct epicardial Direct

20 million — ↑

200 million ↓ ↑a

aRegional contractility of infarct zone, specifically, improved only in the higher dose group.
Abbreviations: —, no dose-response effect was observed; ECC, Eulerian circumferential strain; EDV, end-diastolic volume; EF, ejection fraction;
ESPVR, end-systolic pressure-volume relationship; ESV, end-systolic volume;MPCs, mesenchymal precursor cells; MSCs, mesenchymal stem cells;
PRSW, preload recruitable stroke work; TESI, transendocardial stem cell injection.
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cells and the ROA are important; however, very different prin-
ciples and assumptions might be involved in assessing the cor-
rect dosing regimens. Although it might seem intuitive that
the raw number of cells administered would be proportion-
ately related to their clinical effect, using the cardiac structure,
functional capacity, and quality of life measurements as clini-
cal parameters, this concept has not been established
conclusively.

Despite an extensive body of data since the publication of
the first clinical trials of stem cell therapy for heart disease in
2002 to 2003 [37–39], the specification of an optimal dosage
and ROA for the various stem cell preparations remains an elu-
sive goal. The factors contributing to this include (a) no ratio-
nal basis for standardizing the broad variety of stem cell
sources and production methods; (b) inadequate methods
for determining the quality and potency or biologic activity
of stem cell preparations; (c) a lack of studies comparing both
cell dose and ROA; and (d) the heterogeneity of target indica-
tions and patients. Furthermore, to our knowledge, no sys-
tematic studies have been performed of the potential
sources of error or variability, including (a) concentration-
dependent cell aggregation, whichmight affect transendothe-
lial migration and/or homing to injured myocardium; (b)
vehicle-dependent effects on exposure of receptor or effector
sites; and (c) needle bore-dependent effects on cell integrity
resulting from excessive shear forces.

As noted, the available preclinical and clinical evidence is
conflicting, with some studies reporting that a lower cell dos-
age and/or infusion cell concentration would provide the
most benefit [2, 4, 7], and others finding either an inverse
or nonlinear relationship [3, 40]. To our knowledge, no stud-
ies have evaluated both the cell dose and the ROA. Also, and
perhaps importantly, no clinical trials have evaluated the cell

dose for BMMNCs, cardiosphere-derived cells, or c-kit+ car-
diac stem cells. Of note, a flat dose-response relationship
for intracoronary c-kit+ cardiac stem cells was recently re-
ported in a rat model of acute myocardial infarction [41]. It
is also important to highlight that immune status, in relation
to whether autologous or allogeneic stem cells are adminis-
tered, might play a larger role than expected in the dose re-
sponse [42]. A recent study by Premer et al. showed that
allogeneic, but not autologous, MSCs increased endothelial
progenitor cell colonies and restored flow-mediated vasodi-
lation in patients with ischemic and nonischemic cardiomy-
opathy. The inconclusiveness of the published data on the
optimal cell type, together with the potentially paradoxical
effects of autologous versus allogeneic cell sources, further
complicates matters, necessitating additional studies on
these relationships before advancing to larger dose and
ROA comparative trials.

Thus, the field of cell therapy for cardiovascular disease still
lacks consistent and reliable dosage and ROA data that would in-
form safety and efficacy considerations.We encourage the scien-
tific community to consider cell comparisons, dose-response
assessments, and comparative ROA evaluations in their preclini-
cal and clinical study designs.

Although the cell type, dosage, concentration, and deliv-
ery modalities are important considerations for regenerative
cell therapy clinical trials, our survey of the published studies
suggests that the available data are inconclusive and addi-
tional early phase studies could be needed before proceed-
ing to pivotal clinical trials. At a minimum, investigators
undertaking phase III trials should be mindful of any assump-
tions determined from studies of other cell types and/or
ROAs and ensure that adequate attention has been given
to these as yet incompletely understood variables.

Table 2. Summary of clinical studies of stem cell therapy dosing

Clinical trial and
number of cells Cell type Delivery mode

Cell-dose
relationship

Cardiac function, functional capacity,
and quality of life parameters

ESV EF Scar size Perfusion
Angina

frequency
Exercise
tolerance

Hare et al. [7] Autologous vs.
allogeneic MSCs

Catheter-based TESI Inverse

20 million ↓ ↑ ↓

100 million — — —

200 million — — —

Quyyumi et al. [5] Autologous CD34+ Intravenous Direct

5 million ↑a —

10 million ↑

15 million ↑

Losordo et al. [6] Autologous CD34+ Catheter-based TESI —

53 104 per kg — — —

13 105 per kg — — —

53 105 per kg — — —

Losordo et al. [6] Autologous CD34+ Catheter-based TESI Inverse

13 105 per kg ↓ ↑

53 105 per kg — —

aNot significant.
Abbreviations:—, no dose-response effect was observed; EF, ejection fraction; ESV, end-systolic volume; MSCs, mesenchymal stem cells; TESI,
transendocardial stem cell injection.
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