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Aims Cell therapy trials using cardiac-resident progenitor cells (CPCs) and bone marrow-derived mesenchymal stem/pro-
genitor cells (BMCs) in patients after myocardial infarction have provided encouraging results. Exosomes, nanosized
extracellular vesicles of endosomal origin, figure prominently in the bioactivities of these cells. However, a head-to-
head comparison of exosomes from the two cell types has not been performed yet.

....................................................................................................................................................................................................
Methods
and results

CPCs and BMCs were derived from cardiac atrial appendage specimens and sternal bone marrow, respectively,
from patients (n = 20; age, 69.9 ± 10.9) undergoing heart surgery for aortic valve disease and/or coronary artery dis-
ease. Vesicles were purified from cell conditioned media by centrifugation/filtration and ultracentrifugation. Vesicle
preparations were predominantly composed of exosomes based on particle size and marker expression (CD9,
CD63, CD81, Alix, and TSG-101). CPC-secreted exosomes prevented staurosporine-induced cardiomyocyte apop-
tosis more effectively than BMC-secreted exosomes. In vivo, CPC-secreted exosomes reduced scar size and
improved ventricular function after permanent coronary occlusion in rats more efficiently than BMC-secreted exo-
somes. Both types of exosomes stimulated blood vessel formation. CPC-secreted exosomes, but not BMC-derived
exosomes, enhanced ventricular function after ischaemia/reperfusion. Proteomics profiling identified pregnancy-
associated plasma protein-A (PAPP-A) as one of the most highly enriched proteins in CPC vs. BMC exosomes.
The active form of PAPP-A was detected on CPC exosome surfaces. These vesicles released insulin-like growth
factor-1 (IGF-1) via proteolytic cleavage of IGF-binding protein-4 (IGFBP-4), resulting in IGF-1 receptor activation,
intracellular Akt and ERK1/2 phosphorylation, decreased caspase activation, and reduced cardiomyocyte apoptosis.
PAPP-A knockdown prevented CPC exosome-mediated cardioprotection both in vitro and in vivo.

....................................................................................................................................................................................................
Conclusion These results suggest that CPC-secreted exosomes may be more cardioprotective than BMC-secreted exosomes,

and that PAPP-A–mediated IGF-1 release may explain the benefit. They illustrate a general mechanism whereby
exosomes may function via an active protease on their surface, which releases a ligand in proximity to the trans-
membrane receptor bound by the ligand.
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1. Introduction

Cardiac-resident progenitor cells (CPCs) exhibit cardioprotective,
proangiogenic, and regenerative activities that contribute to post-injury
myocardial recovery.1 Bone marrow-derived mesenchymal stem/pro-
genitor cells (BMCs) likewise mediate cardioprotection and tissue regen-
eration.2 Both cell types are currently being tested in clinical cell therapy
trials in patients after acute myocardial infarction (MI), with promising ini-
tial results.3,4 The mechanism of benefit is indirect: most of the newly
formed cardiomyocytes (CMs) and blood vessels are of endogenous ori-
gin,5 and the beneficial effects of the transplanted cells last long after
these have been cleared.5,6 We and others recently reported that
secreted extracellular vesicles (EVs) mainly comprised of exosomes fig-
ure prominently in the bioactivities of human CPCs.7,8 Similar findings
have been reported for exosomes secreted by mesenchymal stem cells.9

Exosomes are lipid bilayer nanovesicles released by virtually all cell
types when multivesicular endosomes fuse with the plasma membrane.10

By transferring proteins, lipids, and nucleic acids including microRNAs
from cell to cell, exosomes act as universal mediators of intercellular
communication.11 Protein and RNA sorting to exosomes are highly
regulated processes that allow cells to release exosomes with different
properties depending on the molecular signals that induce their produc-
tion.12 The way exosomes interact with recipient cells is incompletely
understood but binding at the cell surface via specific receptors, internal-
ization by endocytosis or micropinocytosis, and possibly fusion with the
plasma membrane may be involved.13

The bioactivities of exosomes released from CPCs and BMCs (CPC
and BMC exosomes, for short) have not been compared yet. In a head-
to-head comparison, here we show that CPC exosomes are more cardi-
oprotective than BMC exosomes derived from the same patients both
in vitro and in vivo, and that both types of exosomes are proangiogenic. To
investigate differences between the protein cargoes of the two types of
exosomes, which might explain their beneficial effects, at least in part,
we performed proteomics analyses. These analyses identified a number
of proteins present at higher levels in CPC exosomes relative to BMC
exosomes. Among them, we focused on pregnancy-associated plasma
protein-A (PAPP-A; also referred to as pappalysin-1), showing a key role
for this protein in CPC exosome-mediated cardioprotection. Bioactive
PAPP-A is present on the surface of human CPC exosomes and releases
insulin-like growth factor-1 (IGF-1),14 a key cardioprotective factor,15 via
proteolytic cleavage of IGF binding proteins (IGFBPs). Selective PAPP-A
knockdown prevented the cardioprotective activities of CPC exosomes
both in vitro and in vivo. Moreover, selected miRNAs previously shown to
be enriched in CPC vs. dermal fibroblast exosomes and to promote car-
dioprotection and angiogenesis were measured in CPC and BMC
exosomes.

2. Methods

2.1 Cell isolation and culture
Tissue specimens were obtained from patients (n = 20; 18 males and 2
females; age, 69.9 ± 10.9; LV ejection fraction [LVEF], 54.9% ± 8.0%) who
underwent heart surgery for aortic valve disease (n = 10; age,
69.7± 12.5), coronary artery disease (n = 5; age, 68.6 ± 7.4) or both con-
ditions (n = 5; age, 71.8 ± 12.1) All patients gave written informed con-
sent. Protocols used in this study were approved by local Ethical
Committee for Clinical Research, and study was performed in accord-
ance to the Declaration of Helsinki. A right atrial appendage specimen

and sternal BM aspirate were collected from each patient to derive
CPCs and BMCs, respectively. Atrial specimens were cultured as
primary ex vivo explants, as described.7 Mononuclear BM cells were
separated by gradient centrifugation and plastic-adherent cells were
culture-expanded (see Supplementary material online).

2.2 Particle purification and phenotypic
characterization
Media conditioned by CPCs, BMCs or human dermal fibroblasts were
obtained by culturing cells in the absence of serum for 7 days. For par-
ticle purification, conditioned medium was centrifuged at 3000 g for
15 min, filtered through a 0.2mm membrane, and centrifuged at 10 000 g
for 15 min, followed by ultracentrifugation at 100 000 g for 4 h. Particle
number and size were analysed using NanoSight technology. For flow
cytometry analyses, exosomes were incubated with microbeads coupled
with antibodies that recognize the exosome surface antigens CD63,
CD9, CD81, and EpCAM (JSR Micro), and then with fluorochrome-
conjugated antibodies directed against cell-surface markers of interest
(see Supplementary material online).

2.3 In vitro CM apoptosis and angiogenesis
assays
Mouse HL-1 CMs were incubated with 1 lM staurosporine to induce
cell death in the presence or absence of exosomes. In addition, anti-
apoptotic activities of exosomes were tested using an in vitro hypoxia
and glucose deprivation model, more relevant to ischaemia-induced cell
death. Exosomes used in all in vitro experiments, with the exception of
cellular uptake experiments and Western blotting, were derived from
cells from individual patients and were not pooled together. Viable and
apoptotic cells were detected using commercially available kits.
Proangiogenic activities of exosomes were assessed using an endothelial
cell tube formation assay (see Supplementary material online).

2.4 Exosome uptake
To assess in vitro uptake of CPC exosomes by HL-1 CMs, CPCs were
transfected with a pre-miRNA precursor for cel-miR-39, a C. elegans
miRNA not present in mammalian cells, and CMs were incubated with
exosomes from transfected CPCs. Ex vivo uptake of CPC exosomes by
primary rat CMs was assessed by perfusing isolated hearts ex vivo in a
Langendorff-mode using perfusates supplemented with cel-miR-39 con-
taining exosomes. cel-miR-39 levels were measured in exosomes, HL-1
CMs, and CMs isolated from Langendorff-perfused hearts using real-
time RT-PCR (see Supplementary material online).

2.5 Animal experiments
Experimental protocols were approved by the Animal Care Committee
of Canton Ticino, Switzerland. All procedures conformed to the
Directive 2010/63/EU of the European Parliament. Two different models
of myocardial ischaemia with or without reperfusion were used. In addi-
tion to the permanent coronary ligation model that involves a large
ischaemic area eventually leading to extensive scar formation, the ischae-
mia/reperfusion model was used in a separate series of experiments.
The latter model mimics the ischaemia/reperfusion injury in patients
with acute MI who undergo emergency coronary intervention. MI was
induced in healthy male Wistar rats (250–300 g body weight) anesthe-
tized with a cocktail of tiletamine and zolazepam (40 mg/kg given intra-
peritoneally; Zoletil100, Virbac, France), intubated and ventilated.
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Permanent coronary ligation model: The left anterior descending artery

was ligated near its origin with a 6–0 prolene suture. Sixty minutes after
permanent coronary occlusion, the peri-infarct myocardial region was
injected at three different points with a total of 100 lL of PBS containing
1011 particles of the following vesicle populations: CPC exosomes
(n = 15), BMC exosomes (n = 8), and dermal fibroblast exosomes
(n = 14). CPC and BMC exosomes were derived from cells from the
same patients (n = 5) and were pooled together. The exosome concen-
tration used was based on previous dose-response data.7 Control rats
were injected with PBS alone (n = 5). In the sham-operated group
(n = 6), the left coronary artery was not ligated. In a separate study
addressing the effects of PAPP-A–depleted CPC exosomes, rats under-
went permanent coronary ligation and were injected with exosomes
from naı̈ve CPCs (n = 9), exosomes from CPCs transfected with PAPP-
A-specific siRNA (Exo-CPC-siPAPP-A; n = 9) or exosomes from dermal
fibroblasts (n = 10). The chest was then closed, pneumothorax was
reduced, and the rats were treated with Meloxicam during post-surgical
recovery. For echocardiographic assessment animals were anaesthetized
by vaporizing 2.1% (1.5 MAC) isoflurane into the animal ventilating sys-
tem. Inspired gases (30% oxygen and 70% air) were mixed using a cali-
brated flowmeter.

Ischaemia/reperfusion (I/R) model: The coronary ligature was released
after 30 min, and exosomes were injected immediately after reperfusion
(CPC exosomes, n = 6; BMC exosomes, n = 5; fibroblast exosomes,
n = 5). Control rats were injected with PBS alone (n = 5).

Echocardiography and haemodynamic measurements: Sedated rats
underwent transthoracic echocardiography at the indicated time points
using the Vevo2100 echocardiography system (VisualSonic System)
equipped with a 13–24- MHz linear transducer. Under ECG monitoring
of heart rate, 2D images of the hearts were acquired in long-axis views at
the level of the greatest LV diameter. LV ejection fraction (LVEF) was
measured from 2D long-axis views taken through the infarcted area. For
haemodynamic measurements, rats were anaesthetized with a cocktail
of tiletamine and zolazepam (40 mg/kg given intraperitoneally;
Zoletil100, Virbac, France), intubated, ventilated placed over a heating
platform at 37�C, and connected to a mechanical ventilator after trache-
otomy (tidal volume 2.5 mL at 50 strokes min-1) using a Harvard
Apparatus to facilitate breathing. A 2-Fr pressure-conductance catheter
(model SPR-838, tip size of 2 F, Millar Instruments, Oxford, UK) was
introduced into the right carotid artery and advanced into the LV. After
stabilization, steady state Pressure-Volume (P-V) loops were recorded
with the ventilator turned off for 6 s, using a MPVS Ultra system (Millar
Instruments), and the maximal slope of LV systolic pressure increment
(dP/dtmax) and diastolic pressure decrement (dP/dtmin) were calculated.
At the end of experiments animals were anaesthetized with Zoletil 100
(40 mg/kg) and sacrificed with iv KCl (1–2 mEq/kg) to induce diastolic
arrest of cardiac activity.

2.6 miRNA analyses
miR-146a-3p, miR-132, miR-181a, miR-210, miR-323-5p, and miR133a
were measured in CPC and BMC exosomes using qRT-PCR. Real-time
PCR for specific miRNA sequences was performed by using specific pri-
mers and TaqMan Universal PCR Master Mix (Applied Biosystems).
Amplification and detection of specific products were performed in trip-
licate using a CFX ConnectTM Real-Time PCR Detection System (Bio-
Rad). Negative controls were included in each RT-PCR assay. The
threshold cycle (Ct) of each gene was automatically defined and normal-
ized to the control miRNA16 for exosomes. Data are shown as 2-DDCt

values.

2.7 Proteomics
Protein contents of CPC and BMC exosomes were compared semi-
quantitatively using a label-free proteomic approach based on DAve (dif-
ferential average) and DCI (differential confidence index) of MAProMA
(Multidimensional Algorithm Protein Map) software16 (see
Supplementary material online).

2.8 PAPP-A detection and functional assays
PAPP-A mRNA expression was measured in CPCs and BMCs using real-
time RT-PCR. PAPP-A and the proform of eosinophil major basic protein
(pro-MBP), a PAPP-A inhibitor that forms inactive heterotetramers with
PAPP-A,17 were measured in exosomes and their parent cells using
Western blotting. PAPP-A was measured by ELISA using anti-PAPP-A anti-
body clones 5H9 and 3C8, which selectively recognize PAPP-A bound and
not bound to pro-MBP, respectively. In addition, the homodimeric active
form of PAPP-A was specifically measured by dot immunoblotting under
non-denaturing conditions using mouse monoclonal 4PD4-PAPP30 anti-
body. PAPP-A proteolytic activity was assessed by incubating exosomes
with rhIGFBP-4 and rhIGF-2. IGFBP-4 cleavage fragments were detected
by Western. Phosphorylation of IGFR, Akt, and extracellular signal-
regulated kinase (ERK) 1/2 in HL-1 CMs was assessed using phospho-
specific antibodies (see Supplementary material online).

2.9 Transmission electron microscopy
To detect the homodimeric form of PAPP-A on Exo-CPC using trans-
mission electron microscopy (TEM), 4PD4-PAPP30 was used as a pri-
mary antibody, and goat-anti-mouse IgG 15 nm gold conjugate as a
secondary antibody (see Supplementary material online).

2.10 Statistical analyses
Results are presented as means ± SEM of n independent experiments.
Statistical analyses were performed using InStat, version 3.0 (GraphPad
Software, Inc.). The hypothesis that data came from a normally distrib-
uted population was assessed using the Kolmogorov Smirnov normality
test. The assumption that data were sampled from populations with
identical SDs was tested using the method of Bartlett. The Student t-test
was used to compare two normally distributed populations. One-way
analyses of variance (ANOVA) with subsequent post-hoc multiple com-
parisons using the Tukey–Kramer multiple comparisons test were used
for parametric comparisons. The Kruskal–Wallis test was used for non-
parametric multiple comparisons. To perform post-hoc pairwise com-
parisons following Kruskal–Wallis test, Dunn’s non-parametric multiple
comparisons procedure was used. Regarding in vivo effects of exosomes
on LV function, a mixed-design analysis of variance model (or Split Plot
Model) was used to test for differences between groups whilst subjecting
participants to repeated measures. A mixed-effect model with fixed
(Group, Time and Group*Time) and random effect (Animals) factors
was used. Data processing for this analysis was performed using JMP7
Software from SAS (see Supplementary material online). Differences
with probability values P < 0.05 were considered statistically significant.

3. Results

3.1 Characterization of CPCs and BMCs
CPCs were derived as the cellular outgrowth from atrial appendage
specimens cultured ex vivo as heart explants.7 Both CPCs and BMCs
expressed mesenchymal/stromal progenitor cell markers, as assessed by
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..flow cytometry (see Supplementary material online, Figure S1B). In addi-
tion, cell-surface antigen expression was compared in CPCs from ex vivo
cultured heart explants and cells freshly isolated from atria using enzy-
matic techniques. The two populations displayed similar antigen expres-
sion profiles indicative of a mesenchymal/stromal phenotype, with minor
differences (CPCs exhibited higher percentages of CD13þ, CD44þ,
CD90þ, and CD106þ cells compared with cells isolated using enzymatic
techniques; see Supplementary material online, Figure S1C). Both CPCs
and BMCs expressed the mesodermal markers brachyury, Tbx5, and
Tbx18, whereas only CPCs expressed markers for more established car-
diac lineages (GATA4, MEF2c, and MESP1), as assessed by qRT-PCR
(see Supplementary material online, Figure S1D). Both CPCs and BMCs
displayed multilineage mesenchymal differentiation potential (see
Supplementary material online, Figure S1E and F). Thus, CPCs and BMCs
share common mesenchymal progenitor cell characteristics while also
expressing genes related to their respective tissue origin.

3.2 Characterization of secreted particles
CPCs released exosomes at a constant pace during the exosome produc-
tion period in serum-free medium (see Supplementary material online,

Figure S2A–E). The vast majority of CPCs was vital and were not in the
early/mid apoptosis stage, as assessed using PI and Annexin-V detection
kit (see Supplementary material online, Figure S2B). Particles purified from
CPC and BMC conditioned media were heterogeneous, predominan-
tly <150 nm in size, as assessed by dynamic light scattering (Figure 1A).
Particles from the two cell sources expressed similar levels of the exo-
some markers TSG-101 (tumour susceptibility gene-101) and Alix,
whereas CPC-derived particles expressed higher CD63 levels compared
with BMC-derived ones, as assessed by Western blotting (Figure 1B).
Flow cytometry revealed higher expression levels of exosome markers
CD9, CD63, and CD81 in CPC vs. BMC exosomes (Figure 1C).
Expression of HLA-DR and co-immunostimulatory CD86 was negligible
in both groups. Glucose-regulated protein-94 (GRP94) was undetectable
in particle preparations (see Supplementary material online, Figure S2F)
suggesting negligible contamination by cell debris. To sum up, particle
preparations from both CPCs and BMCs were heterogeneous but con-
tained major exosomal fractions. Based on a recent classification,18 small
(<200 nm) particles co-enriched in CD63, CD81, CD9, and TSG-101 can
be categorized as bona fide exosomes. We therefore refer to CPC and
BMC-derived particles as CPC and BMC exosomes, respectively.

Figure 1 CPC- and BMC-secreted particles include particles sized in the exosome-characteristic range and express exosome markers. (A) Dynamic light
scatter analyses of particle size. (B) Western blot analyses of TSG-101, Alix, and CD63 in CPC- and BMC-secreted particles (n = 4/group). (C) Flow cytome-
try analyses of exosome markers CD9, CD63, and CD81, as well as of HLA-DR, CD86, and annexin V on CPC- and BMC-secreted particles. Fold-changes
in mean fluorescence intensity (MFI) vs. particles stained with the respective isotype-matched control IgG are shown (n = 5/group). § P < 0.05 (two-tailed,
paired Student t-test).
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3.3 Exosomal uptake by CMs
Cellular uptake by target cells is a major determinant of exosome-
mediated effects in intercellular communication. To assess exosomal
uptake by CMs, CPCs were transfected with a pre-miRNA for cel-miR39,
a C. elegans-specific miRNA species (see Supplementary material online,
Figure S3A). cel-miR39 was detected in exosomes released from these
cells. HL-1 CMs incubated with these exosomes exhibited a dose-
dependent increase in cel-miR39 levels (see Supplementary material
online, Figure S3B and C), as assessed using RT-PCR, which was indicative
of exosome uptake. To assess uptake by primary CMs ex vivo, isolated rat
hearts were perfused with cel-miR39-CPC exosome containing perfu-
sates in a Langendorff-mode. CMs isolated from rat hearts perfused with
cel-miR39-CPC exosomes showed increased cel-miR39 levels compared
with PBS-perfused control hearts (see Supplementary material online,
Figure S3D). These results indicate uptake of CPC exosomes by CMs.

3.4 CPC exosomes are more
cardioprotective than BMC exosomes
in vitro
CPC exosomes were more effective than BMC exosomes at preventing
staurosporine-induced death (Figure 2A and D) and apoptosis (Figure 2B
and E) in HL-1 CMs. Cytoprotective effects by CPC exosomes were
observed over a broad range of concentrations (105–109 particles/cm2),
whereas BMC exosome-mediated protection was limited to the 106 par-
ticles/cm2 concentration (Figure 2G). Using a different in vitro model, both
types of exosomes similarly inhibited CM death induced by hypoxia and
glucose deprivation (see Supplementary material online, Figure S4B).
Dermal fibroblast exosomes were ineffective using both models. Using
an in vitro angiogenesis model, both CPC and BMC exosomes stimulated
tube formation by endothelial cells, the former to a significantly greater
extent (Figure 2C and F). These results demonstrate that CPC exosomes,

Figure 2 CPC exosomes (Exo-CPC) inhibit staurosporine-induced CM death and apoptosis while also promoting angiogenesis in vitro. (A, D) Exo-CPC,
and to a lesser extent BMC exosomes (Exo-BMC) inhibit HL-1 CM death (dead cells stain red, viable cells green; n = 8/group); scale bars = 100 lm. (B, E)
TUNEL-positive CMs (green); nuclear counterstaining (blue; n = 5/group). (C, F) Exo-CPC, and to a lesser extent Exo-BMC, induce tube formation by endo-
thelial cells (n = 5/group); scale bar = 500 lm; EGM, endothelial growth medium (n = 8). (G) Dose-dependent effects of Exo-CPC and Exo-BMC on CM
death. Exo-CPC at the 105 to 109 particles/surface area of cell culture vessels (cm2) concentrations, and Exo-BMC at the 106 particles/surface area of cell
culture vessels (cm2) concentration inhibit CM death. * P < 0.05/** P < 0.01 (one-way analyses of variance-ANOVA with post-hoc multiple comparisons
using the Tukey–Kramer multiple comparisons test for unpaired parametric comparisons); § P < 0.05 (two-tailed, paired Student t-test).
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..and to a lesser extent BMC exosomes are cardioprotective and
proangiogenic.

3.5 CPC exosomes are more beneficial
than BMC exosomes after in vivo
permanent coronary ligation
Four weeks after permanent coronary ligation, LVEF was significantly higher
in hearts injected with CPC exosomes compared with those injected with
BMC exosomes, fibroblast exosomes or PBS (Figure 3A and B). BMC exo-
somes showed limited benefit, as compared with fibroblast exosomes.
Hearts injected with either CPC or BMC exosomes had less scar than
those injected with fibroblast exosomes (Figure 3C), with a significantly
greater effect of the former when analysed using a two-group paired com-
parison. Both CPC and BMC exosomes increased blood vessel density in
the infarct region compared with fibroblast exosomes (Figure 3D). Hearts

injected with CPC exosomes exhibited lower numbers of CD68þ macro-
phages (Figure 3E). These results document beneficial effects by CPC exo-
somes, and to a lesser extent by BMC exosomes after permanent
coronary occlusion.

3.6 CPC exosomes are more protective
than BMC exosomes after in vivo
ischaemia/reperfusion
CPC exosomes, but not BMC exosomes, injected at the time of reperfu-
sion significantly improved LVEF at 4 weeks compared with both PBS
and fibroblast exosomes (Figure 4A and B), and reduced scar size com-
pared with fibroblast exosomes (Figure 4C). Blood vessel density did not
differ significantly between groups (Figure 4D). These results demon-
strate beneficial effects by CPC exosomes after I/R injury.

Figure 3 CPC exosomes (Exo-CPC) improve cardiac function and reduce scar after permanent coronary artery ligation in vivo. (A) Scheme depicting the
experimental protocol. (B) Exo-CPC (n = 15), and to a lower extent Exo-BMC (n = 8; NS) improve LVEF at 4 weeks vs. fibroblast exosomes (Exo-F; n = 14).
* P < 0.05 (mixed-design analysis of variance model [Split Plot Model], a mixed-effect model with fixed [Group, Time, and Group*Time] and random effect
[Animals]). (C) Exo-CPC reduce scar vs. Exo-BMC (n = 8 each) and Exo-F (n = 5); Exo-BMC also reduce scar vs. Exo-F. (D) Both Exo-CPC (n = 7) and Exo-
BMC (n = 8) increase blood vessel density vs. Exo-F (n = 5) * P < 0.05 (one-way analyses of variance-ANOVA with post-hoc multiple comparisons using the
Tukey–Kramer multiple comparisons test for unpaired parametric comparisons); § P < 0.05 (unpaired t-tes with Welch correction). SMA, smooth muscle
actin (red); a-SA, a-sarcomeric actinin (green); nuclear counterstaining (blue); scale bar = 100 lm. (E) Decreased CD68þmacrophage infiltrates (red) in the
Exo-CPC vs. Exo-F group (n = 5 each; n = 4 for Exo-BMC). *P < 0.05/**P < 0.01 (one-way analyses of variance-ANOVA with post-hoc multiple comparisons
using the Tukey–Kramer multiple comparisons test for unpaired parametric comparisons); scale bar = 100 lm.
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..3.7 Both CPC and BMC exosomes are
enriched in miR-146a-3p, miR-132, and
miR-181a
Our previous analysis of miRNA expression in exosomes secreted by
CPCs and dermal fibroblasts identified several miRNAs that are overex-
pressed in CPC exosomes, including miR-146a-3p, miR-132, miR-181a,
miR-210, miR-323-5p, and miR133a.7 These miRNAs have previously
been shown to promote cardioprotection and angiogenesis.7,8 We thus
measured the expression of these miRNAs in CPC and BMC exosomes
by qRT-PCR. Both types of exosomes were enriched in miR-146a-3p,
miR-132, and miR-181a compared with fibroblast exosomes (see
Supplementary material online, Figure S3E). These results suggest that
these miRNAs may participate in the beneficial effects of both CPC and
BMC exosomes.

3.8 Proteomics analysis
The results of proteomics analyses are shown in Figure 5 and
Supplementary material online, Table S1. PAPP-A was one of the most
highly overexpressed proteins in CPC vs. BMC exosomes (Figure 5B).
Protein network analysis suggested an overall higher expression of lami-
nins, actin-linked cytoskeletal proteins, proteasome subunits, 14-3-3

proteins, histones, transcription-related proteins, and proteins regulating
redox balance in CPC vs. BMC exosomes (Figure 5C). An example of a
protein regulating redox balance that was enriched in CPC exosomes
was superoxide dismutase 2 (SOD2). Conversely, BMC exosomes
showed a comparably higher expression of collagen, annexins, and pro-
teins involved in glycolysis compared with CPC exosomes.

3.9 PAPP-A is expressed on the surface of
CPC exosomes
PAPP-A was one of the most highly overexpressed proteins in CPC vs.
BMC exosomes, as mentioned. Because this protease is known to
release bioactive IGF-1,14 we focused on its role in exosome-mediated
cardioprotection. Using qRT-PCR, PAPP-A mRNA levels in CPCs were
higher than in BMCs (Figure 6A). Using antibody clone 3C8, PAPP-A was
detected by Western blotting in CPC exosomes, but not in BMC exo-
somes (see Supplementary material online, Figure S5A). Using antibody
clone 5H9, inactive PAPP-A/pro-MBP complexes17 were detected in
both parent cell types, and marginally in CPC exosomes. CPC exosomes
exhibited higher ratios of active/inactive forms of PAPP-A using ELISA
and antibody clones 3C8 and 5H9, respectively, compared with BMC
exosomes (Figure 6B). These results indicate that PAPP-A was present

Figure 4 CPC exosomes (Exo-CPC), but not BMC exosomes (Exo-BMC), improve LVEF and reduce scar after myocardial ischaemia/reperfusion
in vivo. (A) Scheme depicting the experimental protocol. (B) Exo-CPC (n = 6), but not Exo-BMC (n = 5), improve LVEF vs. fibroblast exosomes (Exo-F;
n = 5). (C) Scar size (Exo-CPC, n = 6; Exo-BMC, n = 5; Exo-F, n = 5). (D) Blood vessel density (n = 5/group). * P < 0.05/** P < 0.01 (mixed-design analysis of
variance model [Split Plot Model], a mixed-effect model with fixed [Group, Time, and Group*Time] and random effect [Animals]).
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on the surface of CPC exosomes. Using dot immunoblotting with 4PD4-
PAPP30 antibody under non-denaturing conditions, the homodimeric
active form of PAPP-A was strongly enriched in CPC vs. BMC exosomes
(Figure 6C). Finally, dimeric PAPP-A was visualized on the surface of CPC
exosomes using TEM and 4PD4-PAPP30 as a primary antibody (Figure 6D).

3.10 Exosomal PAPP-A is cardioprotective
in vitro
PAPP-A-specific proteolytic activity of exosomes was assessed using an
in vitro functional assay and IGFBP-4 as a substrate. CPC exosomes, but
not BMC exosomes, cleaved IGFBP-4 (Figure 6E). Similarly, CPC

Figure 5 Proteomics analysis of differentially expressed proteins in CPC vs. BMC exosomes (Exo-CPC and Exo-BMC, respectively). (A) Typical 2 D maps
obtained by plotting molecular weight (MW) vs. isoelectric point (pI) of the identified proteins. A colour/shape code was assigned to each protein according
to its SEQUEST score value (yellow/triangle, <_15; blue/square, 15 < value < 35; red/circle, >_35). (B) DAve (differential average) values of differentially
expressed proteins selected by Linear Discriminant Analysis (P < 0.05). Positive DAve values (red bars) indicate proteins upregulated in Exo-CPC vs. Exo-
BMC. Negative DAve values (blue bars) indicate proteins upregulated in Exo-BMC vs. Exo-CPC. PAPP-A (pappalysin-1) is indicated. (C) Protein
Interactomic Network analysis reconstructed using the differentially expressed proteins with DAve >j0.2j.
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exosomes, but not BMC exosomes, induced phosphorylation of IGFR
and intracellular ERK1/2 in staurosporine-treated CMs (Figure 6F and G).
rhPAPP-A not bound to exosomes was ineffective. rhIGF-1 prevented
staurosporine-induced CM death (Figure 7A). This effect was inhibited by
IGFBP-4. In contrast, CPC exosomes were effective even in the presence
of IGFBP-4. They induced Akt phosphorylation (Figure 7C) and inhibited
caspase-7 activation (Figure 7D). To directly assess cardioprotective
activity by exosomal PAPP-A, CPCs were transfected with PAPP-A–spe-
cific siRNA. PAPP-A knockdown was verified by ELISA (see
Supplementary material online, Figure S5B) and immunoblotting (Figure
6C). Both transfected cells and the released exosomes exhibited a nor-
mal immunophenotype (see Supplementary material online, Figure S5C
and D). PAPP-A-deleted CPC exosomes failed to activate ERK1/2 (Figure

6G) and Akt (Figure 7C), and did not prevent caspase-7 activation or
stauropsporine-induced CM death (Figure 7B and D).

3.11 Exosomal PAPP-A is cardioprotective
in vivo
Exosomes from naı̈ve CPCs or CPCs transfected with PAPP-A–specific
siRNA were injected into rat hearts using the in vivo permanent coronary
ligation model. Unlike naı̈ve CPC exosomes, PAPP-A–knockdown exo-
somes did not significantly improve LVEF at 4 weeks, as compared with
both PBS alone and fibroblast exosomes (Figure 8A and B). Moreover,
naı̈ve CPC exosomes, but not PAPP-A–knockdown CPC exosomes,
reduced both LVEDV and LVESV at 4 weeks (Figure 8C and D).

Figure 6 Active dimeric PAPP-A is present on the surface of CPC exosomes (Exo-CPC) and releases IGF-1 which activates IGFR and ERK1/2 intracellular
signalling pathway. (A) qRT-PCR analysis showing higher PAPP-A mRNA expression in Exo-CPC vs. BMC exosomes (Exo-BMC; n = 7/group). (B) ELISA
showing higher expression of PAPP-A not bound to pro-MBP, as detected using Ab clone 3C8, relative to inactive PAPP-A/pro-MBP complexes, as detected
using Ab clone 5H9, in Exo-CPC vs. Exo-BMC (n = 5/group). (C) Dot immunoblotting using 4PD4-PAPP30 mAb that selectively detects dimeric (active)
PAPP-A, which was increased in naı̈ve Exo-CPC vs. Exo-BMC and PAPP-A-deleted Exo (Exo-CPC-siPAPP-A; n = 7/group). (D) TEM images of Exo-CPC
immunolabeled with mouse 4PD4-PAPP30 as a primary Ab, and goat-anti-mouse IgG 15 nm gold conjugate as a secondary Ab, showing PAPP-A dimer on
the surface of two particles; scale bar = 100 nm. (E) IGFBP-4 cleavage assay. Exo-CPC, Exo-BMC or rhPAPP-A were incubated with IGFBP-4 and rhIGF-2.
IGFBP-4 fragments were detected by Western (n = 5/group). (F) Exo-CPC, but not Exo-BMC, induces IGF-1 receptor (IGFR) phosphorylation in HL-1 CMs
(n = 5/group). (G). Exo-CPC, but not Exo-CPC-si-PAPP-A, induces ERK1/2 phosphorylation in the presence of IGFBP-4 (n = 5/group). * P < 0.05/** P < 0.01
(one-way analyses of variance-ANOVA with post-hoc multiple comparisons using the Tukey–Kramer multiple comparisons test for paired parametric com-
parisons); § P < 0.05 (two-tailed, paired Student t-test); & P < 0.05 (two-tailed, unpaired Student t-test).
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Figure 7 PAPP-A knockdown prevents in vitro anti-apoptotic activity of CPC exosomes (Exo-CPC). (A) Both IGF-1 and Exo-CPC prevent staurosporine-
induced CM death. IGFBP-4 abrogates protection by IGF-1, not by Exo-CPC (n = 4/group). * P < 0.05/** P < 0.01 (Kruskal–Wallis test non-parametric
multiple comparisons with Dunn’s multiple comparison test); scale bar = 100 lm. (B) Exosomes from CPCs transfected with PAPP-A–specific siRNA
(Exo-CPC-siPAPP-A) are ineffective (n = 6/group) ** P < 0.01 (one-way analyses of variance-ANOVA with post-hoc multiple comparisons using the Tukey–
Kramer multiple comparisons test for paired parametric comparisons); scale bar = 100 lm. (C) Exo-CPC, but not Exo-CPC-siPAPP-A, enhance Akt phos-
phorylation (n = 5/group) § P < 0.05 (two-tailed, paired Student t-test). (D) Exo-CPC, but not Exo-CPC-siPAPP-A, reduces caspase-7 phosphorylation
(Exo-Scr-RNA, exosomes from CPCs transfected with scramble siRNA; n = 4/group). (E) Proposed mechanism of benefit whereby PAPP-A on CPC exo-
somes cleaves IGFBP-4, releasing IGF-1 that activates IGFR, triggering intracellular Akt and ERK1/2 activation and caspase-7 inhibition.14
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Figure 8 PAPP-A knockdown prevents in vivo benefit by CPC exosomes (Exo-CPC) after permanent coronary ligation. (A) Echocardiographic M-mode
images of hearts injected with Exo-CPC (n = 9), exosomes from CPCs transfected with PAPP-A–specific siRNA (Exo-CPC-siPAPP-A; n = 9), and fibrobast
exosomes (Exo-F; n = 10). (B) Exo-CPC-siPAPP-A enhanced LVEF significantly less than naı̈ve Exo-CPC. * P < 0.05 (mixed-design analysis of variance model
[Split Plot Model], a mixed-effect model with fixed [Group, Time, and Group*Time], and random effect [Animals]). (C, D) Exo-CPC-siPAPP-A reduced
LVEDV and LVESV at 4 weeks significantly less than naı̈ve Exo-CPC. (E) Haemadynamic measurements showing representative LV pressure-volume loops.
Quantitative analysis of –dp/dt min and dp/dt max (n = 5/group). * P < 0.05 (one-way analyses of variance-ANOVA with post-hoc multiple comparisons using
the Tukey–Kramer multiple comparisons test for paired parametric comparisons).
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Haemodynamic measurements showed an increase in dp/dt max after
injection of naı̈ve CPC exosomes, but not PAPP-A–knockdown CPC
exosomes (Figure 8E).

4. Discussion

CPCs and BMCs currently are being tested in clinical cell therapy trials in
patients after acute MI. The mechanism of benefit is indirect via secreted
paracrine factors, and particularly exosomes. In a head-to-head compari-
son, we therefore evaluated the cardioprotective activities of exosomes
secreted by CPCs and BMCs derived from the same patients. CPCs
were derived as cells migrating out of cardiac atrial appendage explants
using the ex vivo primary tissue culture technique. This technique was ini-
tially applied to derive undifferentiated cells exhibiting properties of adult
cardiac stem cells and growing as self-adherent clusters, termed
‘cardiospheres’, from subcultures of post-natal atrial or ventricular
human biopsy specimens.19 Cardiosphere-derived cells (CDCs) were
then tested in a phase-1 clinical cell therapy trial in patients after MI, with
encouraging results.3 They currently are being tested in a phase 1/2 clini-
cal trial.20 Alternatively, enzymatic techniques were used to isolate non-
myocytic cells from human atria. These cells, termed ‘cardiac stromal
cells’21 and ‘cardiac atrial appendage stem cells’,22,23 were shown to
improve cardiac performance21,22 and angiogenesis,23 and to differenti-
ate into CMs upon injection into infarcted hearts.21,22 Here, we show
that both explant-derived CPCs and atrial cells isolated using enzymatic
techniques express mesenchymal/stromal stem/progenitor cell surface
markers, the former to a somewhat higher level possibly reflecting ada-
pative cell responses to in vitro conditions. BMCs likewise exhibited mes-
enchymal stem cell characteristics. CPCs, but not BMCs, expressed
markers for more established cardiac lineages (GATA4, MEF2c, and
MESP1) as a distinctive property related to their origin.

Particle populations isolated from media conditioned by either cell
type were heterogenous in size but predominantly within the size range
(<200 nm) of exosomes.18 Particles derived from CPC and BMC
expressed comparable levels of the exosome markers TSG-101 and
Alix, two components of the endosomal sorting complex required for
transport (ESCRT) involved in multivesicular body and exosome bio-
genesis,24 while differing in the expression levels of exosome markers of
the tetraspanin family (CD63, CD81, and CD9).

CPC exosomes were more effective than BMC exosomes at prevent-
ing staurosporine-induced CM apoptosis in vitro; however, BMC exo-
somes at the 106 particles/cm2 concentration were protective, too.
Using a different in vitro model, both types of exosomes inhibited CM
apoptosis induced by hypoxia and glucose deprivation. They also stimu-
lated tube formation by endothelial cells using an in vitro angiogenesis
assay. In vivo, rat hearts injected with CPC exosomes 60 min after perma-
nent coronary artery ligation exhibited less scar and higher LVEF at
4 weeks post-MI, compared with those injected with BMC exosomes,
dermal fibroblast exosomes, or PBS alone. BMC exosomes likewise
reduced scar but did not significantly improve LV ejection fraction. Both
CPC and BMC exosomes were associated with increased blood vessels
within infarcted hearts. In addition, hearts injected with CPC exosomes
exhibited less CD68þmacrophages within infarcted tissue. This observa-
tion may merely reflect differences in infarct size resulting in different
amounts of inflammation. Alternatively, it might also reflect immunomo-
dulatory activities of CPC exosomes, which were not specifically
addressed in this study. A previous study showed that administration of
exosomes from CDCs reduced the number of CD68þ macrophages

within infarcted tissue, modified their polarization state, and reduced
infarct size after reperfusion.25 Another study by the same group
showed that injected CDC-exosome-primed fibroblasts increased pump
function and reduced scar mass in rat hearts after chronic MI.26 Priming
of endogenous fibroblasts may therefore be an additional mechanism by
which CPC exosomes protect the infarcted heart.

In addition to our data using an in vivo ischaemia model, we similarly
demonstrated a therapeutic benefit by CPC exosomes using an in vivo
ischaemia/reperfusion model. The latter model mimics the ischaemia/
reperfusion injury in patients with acute MI who undergo emergency
coronary intervention. CPC exosomes, but not BMC exosomes,
injected at the time of reperfusion improved LVEF and reduced scar after
ischaemia/reperfusion. Thus, CPC exosomes were beneficial using both
models, whereas BMC exosomes exhibited limited benefit after perma-
nent coronary ligation, but not when injected at the time of reperfusion.
These different effects of BMC exosomes in the two models are unex-
plained. Because our proteomics data suggested that BMC exosomes
may contain less proteins regulating redox balance compared with CPC
exosomes, it could be hypothesized that the former are less protective
against oxidative stress generated by reperfusion; however, this hypoth-
esis was not tested in this study.

Having shown that injected CPC exosomes are beneficial in infarcted
hearts, we addressed selected features of these vesicles which could
favour this effect. Traditionally, cellular uptake is considered a pre-requi-
site for exosome-mediated transport of bioactive molecules into target
cells. To assess uptake by CMs, parent CPCs were transfected with a
pre-miRNA for cel-miR39 that is not present in human cells. cel-miR39
was detectable in the secreted exosomes. HL-1 CMs incubated with
these exosomes exhibited a dose-dependent increase in cel-miR39 lev-
els. In addition, CMs from isolated rat hearts perfused ex vivo with cel-
miR39-CPC exosome containing perfusates in a Langendorff mode
showed increased cel-miR39 levels compared with PBS-perfused control
hearts. These results demonstrate uptake of CPC exosomes by CMs.

Besides uptake, we measured selected miRNAs of interest carried by
CPC and BMC exosomes, and we performed protemics analyses of
these vesicles. Based on our previous data,7 the most highly overex-
pressed miRNAs in CPC vs. fibroblast exosomes were now measured in
CPC and BMC exosomes. Compared with fibroblast exosomes, both
CPC and BMC exosomes were enriched with miR-146a-3p, miR-132,
and miR-181a, which are cardioprotective.7,8,27 While these miRNAs
may contribute to the beneficial activities of CPC and BMC exosomes,
they therefore do not seem to account for the observed differences in
their therapeutic potency.

Proteomics profiling identified a number of proteins differentially
expressed in CPC exosomes relative to BMC exosomes. Protein net-
work analysis suggested an overall increase in the expression of
transcription-related proteins and proteins regulating redox balance,
among other functional groups of proteins, in CPC vs. BMC exosomes.
Among the most highly overexpressed proteins in CPC exosomes, we
focused on PAPP-A, a protease known to release bioactive IGF-1,14 a
key cardioprotective factor.15 In addition, human CPC-conditioned
media were previously shown to contain concentrations of active
dimeric PAPP-A that were in the same order of magnitude as the circu-
lating levels found in peripheral blood of late first trimester pregnancy,
but not the inactive PAPP-A/proMBP complex.28 However, this study
did not discriminate exosome-bound PAPP-A and soluble PAPP-A in
CPC-conditioned media. We acknowledge that CPC exosomes were
enriched with other proteins (e.g. superoxide dismutase 2) that could
have been studied as candidate mediators of their beneficial activity, and
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that PAPP-A was selected based on theoretical considerations. We
found that CPCs expressed higher PAPP-A mRNA levels than BMCs.
Using immunoblotting with a monoclonal antibody that selectively rec-
ognizes the dimeric (active) form of PAPP-A, this form was detected at
much higher levels in CPC exosomes than in both BMC and fibroblast
exosomes. These findings were confirmed using ELISA, indicating that
PAPP-A was present on the surface of CMC exosomes. In addition,
dimeric PAPP-A was visualized on the surface of CMC exosomes using
TEM. This location is obviously required for a protease to exert its pro-
teolytic activity on extracellular proteins.

Using an in vitro IGFBP-4 cleavage assay,29 CPC exosomes exhibited
higher PAPP-A–specific proteolytic activity compared with BMC exo-
somes. While both recombinant IGF-1 and CPC exosomes prevented
staurosporine-induced CM death in the absence of IGFBP-4, only CPC
exosomes were protective in its presence. This effect was associated with
IGFR activation and increased ERK1/2 and Akt phosphorylation, along
with a decrease in caspase-7 activation. Interestingly, recombinant PAPP-A
lacked significant protection, possibly due to the fact that PAPP-A requires
tight binding to glycosaminoglycans present on the recipient cell surface to
exert its proteolytic activity.30 This suggests that exosomes may promote
PAPP-A activity by mediating cell membrane binding. Finally, exosomes
released from PAPP-A–knockdown CPCs did not inhibit caspase-7 activa-
tion and staurosporine-induced CM apoptosis in vitro, nor LV dysfunction
after permanent coronary ligation in vivo. Nevertheless, these exosomes
were associated with a marginal increase in LV function (NS) compared
with control hearts, suggesting possible contributory roles by other mole-
cules. Collectively, our results indicate that PAPP-A present on the surface
of CPC exosomes cleaves IGFBP-4 in the extracellular compartment,
thereby releasing active IGF-1 which is engaged by its cognate receptor,
which triggers intracellular ERK1/2 and Akt activation and attenuates cas-
pase activation in CMs (Figure 7E). It should be emphasized that this mech-
anism differs from the traditional one whereby exosomes act via
intracellular delivery of their molecular cargo to target cells.

PAPP-A was discovered as a placental protein present abundantly in
the circulation of pregnant women.31 Subsequently, it was found that
what had previously been referred to as PAPP-A in plasma of second and
third trimester pregnancy is an inactive, heterotetrameric PAPP-A/
proMBP complex.17 However, up to 30% of PAPP-A exists as the uncom-
plexed dimer in the first trimester. PAPP-A is a highly specific metallopro-
teinase that cleaves IGFBP-4, IGFBP-5, and IGFBP-2. Cleavage of IGFBP-4,
which plays a key role in the delivery of IGF-1 to its receptor, may be
restricted to PAPP-A.32 Because IGFBPs bind IGFs with higher affinities
than the IGF-1 receptor, decreased IGF affinity of the IGFBPs, e.g. due to
limited proteolytic cleavage, will result in increased IGF signaling. Because
cell-surface bound PAPP-A is proteolytically active, it is reasonable to
assume that in tissues, the majority of PAPP-A is surface-bound, and that
cleavage of IGFBP-4 occurs in close proximity to IGFR, increasing the
chance that released IGF-1 will stimulate the receptor.14

In conclusion, our results suggest that CPC exosomes may be more
cardioprotective than BMC exosomes, and that active PAPP-A present
on their surface may mediate this effect, at least in part. They also illus-
trate a novel general mechanism by which exosomes function via an
active protease on their surface, which releases a bioactive ligand in close
proximity to the cellular transmembrane receptor bound by the ligand.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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22. Fanton Y, Robic B, Rummens JL, Daniëls A, Windmolders S, Willems L, Jamaer L,
Dubois J, Bijnens E, Heuts N, Notelaers K, Paesen R, Ameloot M, Mees U, Bito V,
Declercq J, Hensen K, Koninckx R, Hendrikx M. Cardiac atrial appendage stem cells
engraft and differentiate into cardiomyocytes in vivo: a new tool for cardiac repair
after MI. Int J Cardiol 2015;201:10–19.

23. Fanton Y, Houbrechts C, Willems L, Daniëls A, Linsen L, Ratajczak J, Bronckaers A,
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BACKGROUND: Human engineered heart tissue (EHT) transplantation 
represents a potential regenerative strategy for patients with heart 
failure and has been successful in preclinical models. Clinical application 
requires upscaling, adaptation to good manufacturing practices, and 
determination of the effective dose.

METHODS: Cardiomyocytes were differentiated from 3 different human 
induced pluripotent stem cell lines including one reprogrammed under 
good manufacturing practice conditions. Protocols for human induced 
pluripotent stem cell expansion, cardiomyocyte differentiation, and EHT 
generation were adapted to substances available in good manufacturing 
practice quality. EHT geometry was modified to generate patches suitable 
for transplantation in a small-animal model and perspectively humans. 
Repair efficacy was evaluated at 3 doses in a cryo-injury guinea pig model. 
Human-scale patches were epicardially transplanted onto healthy hearts in 
pigs to assess technical feasibility. 

RESULTS: We created mesh-structured tissue patches for transplantation 
in guinea pigs (1.5×2.5 cm, 9–15×106 cardiomyocytes) and pigs (5×7 
cm, 450×106 cardiomyocytes). EHT patches coherently beat in culture 
and developed high force (mean 4.6 mN). Cardiomyocytes matured, 
aligned along the force lines, and demonstrated advanced sarcomeric 
structure and action potential characteristics closely resembling human 
ventricular tissue. EHT patches containing ≈4.5, 8.5, 12×106, or no cells 
were transplanted 7 days after cryo-injury (n=18–19 per group). EHT 
transplantation resulted in a dose-dependent remuscularization (graft size: 
0%–12% of the scar). Only high-dose patches improved left ventricular 
function (+8% absolute, +24% relative increase). The grafts showed 
time-dependent cardiomyocyte proliferation. Although standard EHT 
patches did not withstand transplantation in pigs, the human-scale patch 
enabled successful patch transplantation.

CONCLUSIONS: EHT patch transplantation resulted in a partial 
remuscularization of the injured heart and improved left ventricular 
function in a dose-dependent manner in a guinea pig injury model. 
Human-scale patches were successfully transplanted in pigs in a proof-of-
principle study.

Human Engineered Heart Tissue Patches 
Remuscularize the Injured Heart in a Dose-
Dependent Manner
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Heart disease is the number one cause of death 
worldwide.1 Although mortality from acute myo-
cardial infarction has decreased substantially over 

the past 2 decades,2 heart failure as its main sequela re-
mains a major disease burden.3 Cardiomyocyte renewal 
is limited to ≈1% per year, and, even though there is evi-
dence that cardiomyocyte proliferation increases slightly 
after injury, this is by far too little to form a physiologi-
cally relevant number of new cardiomyocytes.4

Regenerative strategies that aim to generate new 
myocardium are currently being evaluated in preclini-
cal5 and first clinical trials.6,7 Pluripotent stem cell–de-
rived cardiomyocytes have repeatedly demonstrated 
their potential to regenerate injured hearts in pre-
clinical models.8–11 We have recently shown that trans-
plantation of 2 strip-format human engineered heart 
tissues (EHTs) improved left ventricular function in a 
guinea pig model.9 Yet, hurdles toward clinical trans-
lation remain. Upscaling from small-animal models to 
humans and adaptation to good manufacturing prac-
tices (GMPs) represent challenges. In addition, the op-
timal dose has not yet been defined. The present study 
describes the generation of EHT patches under GMP-
compatible conditions that can be scaled to a clinically 
relevant size, evaluated the effect of EHT-patch trans-
plantation in a dose-finding study in guinea pigs, and 
assessed the possibility to transplant human-scale EHT 
patches in pigs.

METHODS
All data associated with this study are present in the article 
or the Data Supplement. Materials will be available from the 
corresponding author by request.

Animal Care and Experimental Protocol 
Approval
The investigation conforms to the guide for the care and use 
of laboratory animals published by the National Institutes 
of Health (Publication No. 85-23, revised 1985) and was 
approved by the local authorities (Behörde für Gesundheit und 
Verbraucherschutz, Freie und Hansestadt Hamburg: 85/12, 
97/14 61/15 and 109/16 and Regierung von Oberbayern: 
02-18-134).

Human Induced Pluripotent Stem Cell 
Culture and Cardiac Differentiation
UKEi1-A was reprogrammed with a Sendai Virus strategy 
(CytoTune iPS Sendai Reprogramming Kit, ThermoFisher). 
These studies were approved by the Ethical Committee of 
the University Medical Center Hamburg-Eppendorf (Az. 
PV4798/28.10.2014 and Az. 532/116/9.7.1991). C25 was 
kindly provided by A. Moretti.12 The human induced pluripo-
tent stem cell (hiPSC) line TC-1133 was obtained from the 
National Institute of Neurological Disorders and Stroke Human 
Cell and Data Repository (Rutgers University).13 The expan-
sion and cardiac differentiation of hiPSC were performed as 
recently described.14 Antibodies used for characterization are 
listed in Table I in the Data Supplement.

EHT Generation
EHTs were generated from cells and fibrinogen/thrombin as 
previously described.9 For this study, the devices for casting 
and culturing EHTs were adapted to reach the geometries 
required for the intended use. Standard EHT patches (1.5×2.5 
cm) were generated in a 6-well format (Figure I in the Data 
Supplement) with 9 to 15×106 hiPSC cardiomyocytes per 
1.5 mL. For human-scale EHT patches (5.0×7.0 cm) 430 to 
450×106 cells were resuspended in 25 mL.

GMP-Compliant Culture Conditions
Culture conditions for hiPSC expansion, cardiac differentiation, 
and EHT cultivation were adapted to contain only reagents 
that are available at GMP grade. For economic reasons, non-
GMP versions of these reagents were used during this study. 
Changes from the above-stated standard protocol were as fol-
lows: (1) The hiPSC culture substrate was changed to human 
vitronectin (Gibco No. A27940, at 0.5 µg/cm2). (2) To apply 
a defined B27 serum-replacement reagent, all B27 compo-
nents were mixed according to the Hanna Laboratory protocol 
(Weizmann Institute of Science), apart from superoxide dis-
mutase, which was omitted in our protocol. (3) Matrigel was 
omitted during EHT generation. (4) Horse serum was replaced 
by human serum (see Table II in the Data Supplement).

Action Potential Recordings
Sharp microelectrodes were used to record action potentials 
(APs) as described previously15,16 in intact EHTs or left ven-
tricular tissue superfused with Tyrode solution containing (in 
mmol/L): NaCl 127, KCl 5.4, MgCl2 1.05, CaCl2 1.8, glucose 
10, NaHCO3 22, NaHPO4 0.42, equilibrated with O2-CO2 
(95:5) pH 7.4 at 36.5±0.5 °C. Field stimulation was used to 

Clinical Perspective

What Is New?
• Human engineered heart tissue patches can be 

generated under good manufacturing practice–
compatible conditions and in human scale (5×7 
cm, 450×106 cells).

• Engineered heart tissue patch transplantation 
remuscularizes the injured heart in a dose-depen-
dent manner.

• Cardiomyocyte proliferation after transplantation 
participates in graft development.

What Are the Clinical Implications?
• Engineered heart tissue transplantation might pro-

vide a new therapeutic strategy for patients with 
heart failure.

• Stimulation of cardiomyocyte proliferation after 
transplantation could represent a strategy to 
improve transplantation success.
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pace the tissues. Multiple APs (>5) were measured in each 
tissue preparation and the n numbers given are the numbers 
of EHTs or left ventricular samples.

Conduction Velocity Measurement
Conduction velocity was calculated by measuring the delay 
from a stimulation artifact to the upstroke of an AP at differ-
ent locations.

Contractility Studies
The EHT patch was mounted in a 50-mL organ bath, with 1 end 
of the construct clamped down between a pair of platinum elec-
trodes and the free end tied to a strain gauge. Force was mea-
sured under spontaneous beating. Resting tension was adjusted 
to yield approximately half-maximum active force development.

Injury Model and EHT Patch 
Transplantation
Myocardial injury was induced as previously described.9 
Cryo-injury of the left ventricular wall was induced in female 
guinea pigs (300–450 g, 8–9 weeks of age, Charles River 
and Envigo). Patch EHTs were sutured above the scar 7 days 
after injury. Care was taken to suture the patch onto the 
healthy myocardium adjacent to the scar. To vary the dosage 
of the applied cardiomyocyte number, we generated EHTs 
with different cell densities (cell-free, fibrin patches without 
cells; dose 1, 9×106 cells; dose 2, 12×106 cells; and dose 3, 
15×106 cells per 1.5 mL). Because cell number influences 
EHT development,17 it was not possible to only decrease car-
diomyocyte number per patch. We therefore used a strategy 
combining cell number and patch area to create patches 
with different cell content. Increasing portions of EHTs from 
dose 1, 2, and 3 were transplanted to reach the desired total 
cell numbers: dose 1, 50% (≈4.5×106 cells); dose 2, 70% 
(≈8.5×106 cells); and dose 3, 80% (12×106 cells) that were 
all sufficient in size to cover the whole injury site. Surgeons 
were blinded regarding the EHT patch cell content (except 
for cell-free constructs). Guinea pigs were immunosup-
pressed with cyclosporine beginning 3 days before trans-
plantation (7.5 mg/kg body weight per day for the first 3 
postoperative days and 5 mg/body weight per day for the 
following 25 days; mean plasma concentration, 608 µg/L) 
and methylprednisolone (2 mg/kg body weight per day).

Echocardiography
Echocardiography was performed with a Vevo 3100 
System (Fujifilm VisualSonics) as previously described.9 
Echocardiography was performed in all animals in the dose-
finding study (n=75). Because of technical problems with the 
echocardiography system, a few animals that were already 
included in the study did not receive all 3 echocardiographies 
(baseline, n=4; postinjury, n=4; 4 weeks posttransplantation, 
n=2). Analysis was performed in a blinded manner.

Organ Preparation and Histology
Hearts were processed for histology as recently described.9 
The antibodies used are summarized in Table III in the Data 
Supplement.

EHT Patch Transplantation in Pigs
Transgenic pigs overexpressing LEA29Y, a human CTLA4-Ig 
derivate, were generated as described previously.18 Pigs 
(LEA29Y: n=4; wildtype: n=5) were anesthetized as previously 
described19 and underwent left-sided lateral thoracotomy. 
The heart was exposed, and the pericardium was opened. 
EHT patches (n=6 patches/N=5 animals) or human-scale 
patches (n=3 patches/N=4 animals; 1 patch was divided in 2 
parts immediately before transplantation) were sutured onto 
the healthy myocardium. Afterward, pigs were pharmaco-
logically immunosuppressed with methylprednisolone (250 
mg on the day of surgery and 125 mg/d starting at day 1 
after surgery), tacrolimus (0.2 mg/kg body weight per day), 
and mycophenolate mofetil (40 mg/kg body weight per day). 
Wildtype animals additionally received belatacept (10 mg/kg 
body weight per day on the day of surgery and 4 days after 
surgery). Animals were regularly monitored and euthanized 
under deep anesthesia by intravenous injection of saturated 
KCl (1–2 weeks after transplantation).

Statistics
Statistical analyses were performed with GraphPad Prism 6 or 
GraphPad Prism 9. Comparison among 2 groups was made 
by 2-tailed unpaired Student t test. One-way ANOVA fol-
lowed by the Tukey test for multiple comparisons was used 
for >2 groups. When 2 factors affected the result (eg, time 
point and group), 2-way ANOVA analyses and the Tukey test 
for multiple comparisons were performed. Error bars indicate 
SEM. P values are displayed graphically as follows: * P<0.05, 
** P<0.01, *** P<0.001.

RESULTS
Generation of Human EHT Patches
Standard mini EHTs (≈8×1 mm) for drug screening and 
disease modeling are generated in a 24-well format.20 
We have previously simply upscaled the strip size for 
transplantation.9 For this study, we aimed to further 
improve the EHT geometry for transplantation and cre-
ate patches that (1) resemble human myocardium, (2) 
cover the scar in a small-animal model, and (3) allow 
for further scaling to a human size (Figure I in the Data 
Supplement). Initial attempts without mesh structure 
resulted in patches in which cardiomyocyte density 
was sparse (Figure I in the Data Supplement). We then 
generated medium-sized EHT patches (9–15×106 cells) 
with a mesh structure by adopting previously described 
protocols9,21 (Figure  1A). Cardiomyocytes for these 
patches were differentiated from 3 different iPSC-cell 
lines (C25; UKEi1-A; TC-1133, troponin-T positivity 
83±1.5%; n=24).

Over a 3-week culture period, EHT patches remod-
eled and decreased in width (Figure 1A). Single beating 
cardiomyocytes were visible within 24 hours after cast-
ing. Histology showed immature cardiomyocytes at day 
1 (Figure 1B). Macroscopically visible contractions started 
between day 10 and 15 after casting. Initial beating was 
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asynchronous, indicating competing pacemaker centers, 
but converted to a coherent, synchronous beating pat-
tern after an additional 3 to 5 days in culture (Movies 
I and II in the Data Supplement) that was mirrored by 
structural signs of tissue maturation (Figure 1B).

Within 3 weeks, cardiomyocytes aligned along the 
force lines. EHT patches demonstrated a more homo-
geneous cell distribution than strip-format EHTs9 and 
consisted of densely packed elongated cardiomyocytes 
with advanced sarcomeric structure (Figure  1C and 

Figure 1. Characterization of human engineered heart tissue patches.
A, Photographs of EHT patches demonstrating EHT development over a 3-week culture period. B, Phalloidin staining of human EHT patches at day 1 and day 27 
after casting. Insets show low magnification overviews. C, Serial longitudinal sections stained for dystrophin. Shown are sections from the upper and lower surface 
and the middle of the EHT patch, respectively. D, Phalloidin whole mount and α-actinin, myosin light chain, atrial isoform, and myosin light chain, ventricular 
isoform staining in longitudinal sections after 21 days in culture. Analysis (E) and quantification (F) of sarcomeric organization and circularity of human induced 
pluripotent stem cell–derived cardiomyocytes in EHT patches compared with 2-dimensional (2D) culture. Myofibril alignment expressed as orientation correlation 
function (OCF). A value of 1 either indicates parallel alignment (OCF) or a perfect circle (circularity; n=10–15 cells/N=3 EHT patches or cell culture preparations; 
each data point represents 1 cell). Statistical analyses were performed by 1-way ANOVA followed by the Tukey test for multiple comparisons. Mean±SEM values 
are shown, ***P<0.001. EHT indicates engineered heart tissue; and GFs, growth factors. 
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1D, Movie III in the Data Supplement). Cells mainly ex-
pressed the ventricular isoform of myosin light chain 
(67±1% versus 33±1% myosin light chain, atrial iso-
form positivity; Figure 1D), demonstrated a more regu-
lar sarcomere organization and a lower circularity index 
than cells that were cultured in 2 dimensions (Figure 1E 
and 1F). After 3 weeks in culture, 82±4% of the nu-
clei stained positive for pericentriolar material 1 (PCM1) 
and only a small number of cells expressed nonmyo-
cyte markers (Figure I in the Data Supplement). Beating 
frequency after the onset of synchronous beating was 
72±7 min-1 (n=24) and did not change over time.

Optimization of Culture Conditions
We aimed to establish conditions for stem cell culture, 
cardiomyocyte differentiation, and EHT generation 
that contain only reagents available at GMP grade. We 
therefore (1) replaced Geltrex with vitronectin during 
stem cell culture and (2) omitted Matrigel during EHT 
generation. hiPSCs from 3 different lines (including the 
GMP line TC-1133; Figure II in the Data Supplement) 
were cultivated under these conditions. Omission of 
Matrigel did not affect EHT patch development (Figure 
III in the Data Supplement). Attempts to implement a 
serum-free protocol22 resulted in EHT patches (22 EHT 
patches from 2 hiPSC lines, C25 and UKEi1-A) with 
sparse cell density that did not acquire a stable syn-
chronous beating pattern (Figure IV in the Data Supple-
ment, Movie IV in the Data Supplement). In contrast, 
EHT patches cultured in the presence of serum consis-
tently developed a regular synchronous beating pattern 
(Figure IV in the Data Supplement). Replacement of 
horse serum with human serum further increased con-
tractility (Figure IV in the Data Supplement, Movie V in 
the Data Supplement).

Physiological Analysis
Serial contractility measurements were performed in 
EHT patches from UKEi1-A cardiomyocytes with MUS-
CLEMOTION23 after the initiation of synchronous beat-
ing. Patch contractility remained stable for 5 days (days 
15–20; n=6) before it started to increase until day 25 
to 28 (Figure  2A). Absolute force values were deter-
mined by (1) calculation from the postdeflection dur-
ing culture and (2) isometric force measurements in 
organ bathes. Average EHT patch force was 4.6±0.2 
mN in culture and 2.0±0.6 mN in the organ bath. The 
EHT patches showed higher force when exposed to 
cumulatively increasing concentrations of isoprenaline 
(n=11). The sensitivity to isoprenaline (EC50=4 nmol/L) 
was physiological, and the effect size (+39%) was not 
different from the effect of direct adenylyl cyclase acti-
vation by forskolin or maximally effective external Ca2+ 
concentration (Figure 2B). EHT patches responded with 

an increase in force with increasing preload (Frank-Star-
ling mechanism; Figure V in the Data Supplement). The 
force-frequency relationship was evaluated in 3 EHT 
patches of which 2 demonstrated a positive force-fre-
quency relation up to 2.5 Hz and 1 EHT patch showed 
no change in force (Figure V in the Data Supplement).

APs were recorded with sharp microelectrodes in 
EHT patches generated from UKEi1-A. EHT patches 
beat spontaneously with an average frequency of 
1.19±0.10 Hz (n=6). To facilitate comparison with fast-
er beating small-strip EHTs from UKEi1-A (average fre-
quency 1.76±0.15 Hz; n=18), all EHTs were paced at 2 
Hz. Human left ventricular tissue was used for compari-
son. AP shape in EHT patches more closely resembled 
APs measured in left ventricular tissue than APs from 
small EHTs (Figure 2C). AP duration (≈280 ms) did not 
differ between EHT patches and left ventricular tissue 
over different stimulation rates (Figure 2D) but was sig-
nificantly shorter in small EHTs. Take-off potential and 
AP amplitude did not differ between the 3 groups, but 
maximum upstroke velocity was lower than in left ven-
tricular tissue, both in EHT patches and small EHTs (Fig-
ure 2E). Conduction velocity in EHT patches measured 
at 2 Hz was 41±2 cm/s.

Dose-Finding EHT Patch Transplantation 
Study
In a pilot study, EHT patches derived from C25, UKEi1-A, 
or TC-1133 were epicardially transplanted onto cryo-in-
jured guinea pig hearts 7 days after injury. Transplanta-
tion of EHT patches with a synchronous beating pattern 
before transplantation (n=6) resulted in large human 
grafts, remuscularizing 17±1% (n=6) of the scar area 
(that amounted to 18±2% of the left ventricular wall; 
Figure VI in the Data Supplement). Transplantation of 
EHT patches that did not acquire a stable synchronous 
beating pattern (under serum-free culture conditions) 
resulted in small grafts (n=5; Figure VI in the Data Sup-
plement). In a large follow-up dose-finding study, EHT 
patches were transplanted that contained either no cells 
(cell-free; n=19), 4.5×106 cells (dose 1; n=19), 8.5×106 
cells (dose 2; n=19), or 12×106 cells (dose 3; n=18). 
EHT patches from dose 1, 2, and 3 developed similarly 
(average troponin-T expression 85±0.1%; n=56, Figure 
VII in the Data Supplement). Contractility was assessed 
with MUSCLEMOTION at the time of transplantation, 
and the mean did not differ between the 3 groups (Fig-
ure VII in the Data Supplement). Hearts were harvested 
28 days after transplantation (Figure 3A). Scar area was 
similar in all groups (23%–29%; Figure 3B and 3C and 
Figure VIII in the Data Supplement). EHT-patch trans-
plantation resulted in a dose-dependent remusculariza-
tion of the scar (dose 1, 1.4±0.4% of the scar area; 
dose 2, 5.3±2.0%; dose 3, 12.3±2.5%; Figure 3D and 
Figure VIII in the Data Supplement). Graft size correlated 
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with the number of human cells per section (dose 1, 
70±140 cells/section; dose 2, 920±280 cells; dose 3, 
2250±680 human Ku80+ cells, Figure 3E and Figure VII 
in the Data Supplement). The estimated grafted cardio-
myocyte number was 7.8±2.1×106 in dose 3 (cardio-
myocyte density 3484±299 cells/mm2; Figure VII in the 
Data Supplement). Echocardiography was performed 
at baseline, before transplantation and 4 weeks after 
transplantation. EHT patch transplantation improved 
left ventricular function in the highest dose (fractional 

area change 46±2% at baseline, 33±2% after injury 
[–28%], and 41±2% [+8% absolute, +24% relative] 4 
weeks after transplantation; Figure 6D), whereas trans-
plantation of EHT patches with lower cell numbers did 
not improve left ventricular function in comparison 
with cell-free patches.

Human grafts consisted of densely packed cardiomy-
ocytes with advanced sarcomere structures that almost 
exclusively expressed MLC2v (97±1% compared with 
67±1% in EHT patches before implantation; Figure 4A 

Figure 2. Physiological characterization of human EHT patches.
A, Contractility measurements with MUSCLEMOTION (n=6). First measurement was performed after the initiation of synchronous beating. B, Concentration re-
sponse curve for isoprenaline measured 3 weeks after casting (n=11) in organ bath measurements (Tyrode solution with 1.8 mmol/L calcium). B indicates baseline; 
Fsk, forskolin (10 µmol/L); and Ca, calcium (8 mmol/L). C, Original action potential recordings from EHT patches, small EHTs, and human left ventricular tissue (LV) 
paced at 2 Hz. D, Rate dependency of action potential duration at 90% repolarization (APD90) in EHT patches (red), small EHTs (blue) compared with LV (black). 
Mean±SEM values are shown. ***P<0.001 for small EHTs compared with LV. E, Action potential parameters for EHT patches (red) and small EHTs (blue) compared 
with LV (black). Multiple action potentials (>5) were measured in each tissue preparation (n=5–8; each data point represents 1 EHT or LV sample). Statistical analy-
ses were performed by 1-way ANOVA followed by Tukey test for multiple comparisons. Mean±SEM values are shown, *P<0.05, **P<0.01. APA indicates action 
potential amplitude; EHT, engineered heart tissue; and TOP, take-off potential.
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Figure 3. EHT patch transplantation dose-finding study in a guinea pig cryo-injury model.
A, Study design scheme. B, Dystrophin-stained short-axis sections from guinea pig hearts of the respective groups. Asterisks mark human grafts. C, Scar size 
quantification as percentage of the left ventricle. Quantification of graft size as percentage of scar area (D) and quantification of human Ku80+ cell number per 
heart section in the respective groups (E) 4 weeks after transplantation (n=14–15; each data point represents 1 heart). Statistical analysis was determined by 1-way 
ANOVA followed by the Tukey test for multiple comparisons *P<0.05. F, Fractional area change values for baseline, postinjury, and 4 weeks after transplantation 
(n=19 [dose 1/2/cell-free], n=18 [dose 3]). Differences in fractional area change between postinjury and 4 weeks after transplantation. Statistical analysis was 
determined by 2-way ANOVA followed by the Tukey test for multiple comparisons. *P<0.05. CMs indicates cardiomyocytes; EHT, engineered heart tissue; FAC, 
fractional area change; LV, left ventricular tissue; and Tx, transplantation. 
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and 4B) and were vascularized by host-derived ves-
sels (Figure 4C and Figure IX in the Data Supplement). 
Vascular density within the grafts was lower than in 

host myocardium (400±60 vessels/mm2 [dose 3] versus 
630±30 vessels/mm2 in the host myocardium). Quanti-
fication for dose 2 was based on a low number of small 

Figure 4. Histological characterization of graft structure.
A, Dystrophin-stained short-axis section from a guinea pig heart of group 3 and human Ku80 staining from an adjacent section. B, Myosin light chain, ven-
tricular and myosin light chain, atrial isoform staining of short-axis views, and quantification of myosin light chain isoform expression in the EHT patches before 
transplantation and in the human grafts 4 weeks after transplantation (n=3 EHT patches or hearts; 2-tailed unpaired Student t test, ***P<0.001). C, Low and high 
magnification of a human graft 4 weeks after transplantation stained for α-actinin and endothelium. D, Quantification of graft vascularization 4 weeks after trans-
plantation (# indicates that grafts in group 1 were too small for assessment of vascularization and grafts in group 2 were too small for a statistically reliable quan-
tification). n=5 to 10 images/N=3 hearts. Each data point represents 1 heart. Statistical analyses were performed by 2-tailed unpaired Student t test, ***P<0.001. 
E, α-Actinin staining and quantification of sarcomere length in human grafts compared with guinea pig host myocardium (n=3 hearts, >50 sarcomeres for graft 
or host myocardium). Statistical analyses were performed by 1-way ANOVA followed by the Tukey test. F, α-Actinin and connexin 43 staining of graft tissue. Insets 
show host myocardium for comparison. MLC indicates myosin light chain; and EHT, engineered heart tissue.
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grafts, and grafts in dose 1 were too small for quantifi-
cation (Figure 4D). Human cardiomyocytes were smaller 
in diameter than cardiomyocytes in host myocardium 
(diameter 6.0±0.45 µm versus 7.4±0.15 µm; n=75–150 
cells/N=3 hearts) and sarcomere length was similar as in 
host myocardium (Figure 4E). Connexin 43 showed a 
dispersed expression pattern along the cardiomyocytes, 
different from the clear intercalated disc pattern in host 
myocardium (Figure 4F).

Assessment of Cardiomyocyte 
Proliferation After Transplantation
Three strategies were applied to study cardiomyocyte 
cell cycle activity after transplantation: double immu-
nolabelling (1) for PCM1 and Ki67 and (2) for human 
Ku80 and Ki67, and (3) incorporation of bromodeoxy-
uridine in vivo (Figure  5A–5D). In EHT patches ready 
for transplantation (21 days after casting), 10±1% of 
cardiomyocytes were in the cell cycle. Cell cycle activ-
ity as determined by Ki67+/PCM1+ double positivity in-
creased after transplantation, reached 20±2% of car-
diomyocytes 2 weeks after transplantation and fell to 
13±1% after 4 weeks. These results were corroborated 
by double labeling for human Ku80 and Ki67 that re-
vealed a similar pattern (8±1% Ki67+/Ku80+ nuclei in 
the EHT patches, 15±4% in the graft after 2 weeks and 
10±1% after 4 weeks) and labeling of DNA synthesis by 
the incorporation of bromodeoxyuridine injected dur-
ing different periods after transplantation (first week, 
13±5%; second week, 21±1%; third week, 7±3%; and 
fourth week, 14±2%).

Symmetrical expression of Aurora B kinase in rare 
cases indicated true cardiomyocyte cytokinesis in the 
grafts (Figure 5E and Figure X in the Data Supplement). 
To further explore this hypothesis, we assessed graft de-
velopment over time (Figure 6A and 6B). One week af-
ter transplantation, cell density was considerably lower 
than in the EHT patch at the time of transplantation, 
and transplanted cardiomyocytes demonstrated little 
sarcomeric structure (Figure 6B). Two weeks after trans-
plantation, cell density had increased, and cardiomyo-
cyte morphology partially recovered. Scant fibrin matrix 
was retained 4 weeks after transplantation, and the 
cardiomyocyte density was substantially higher than in 
grafts 1 week after transplantation (Figure X in the Data 
Supplement and Figure  6A and 6B). Cardiomyocyte 
proliferation is regulated by the Hippo-signaling path-
way, which acts via the transcription coactivator YAP 
(yes-associated protein).24 Whereas nuclear YAP local-
ization was rare in EHT patches before transplantation, 
it increased after transplantation (EHT patches, 2±0.4% 
YAP+ cardiomyocyte nuclei; 1 week after transplanta-
tion, 32±7%; 2 weeks after transplantation, 24±2%; 
and 4 weeks after transplantation, 24±2%; Figure 6C 
and Figure X in the Data Supplement). In summary, 

these results indicate that the final graft size depends 
not purely on cell survival, but also on proliferation.

Upscaling to Human Size
As a next translational step, EHT patches (1.5×2.5 cm) 
were epicardially transplanted on uninjured pig hearts 
(2 EHT patches per heart; 2 LEA29 pigs and 3 wildtype 
animals, weight ≈50 kg). These experiments revealed 
that the size and stability of the 1.5×2.5 cm EHT patch 
was not sufficient to withstand the stronger force of the 
pig heart (compared with guinea pig hearts; Figure XI in 
the Data Supplement). We hypothesized that upscaling 
in size, cardiomyocyte density, and fibrin concentration 
would result in more stable patches. Three human-scale 
EHT patches were generated as proof-of-principle (5×7 
cm, 430–450×106 cells; Figure XI in the Data Supple-
ment). The human-scale patches remodeled, and the 
first macroscopic contractions were visible after 21 days 
in culture (Figure 7A). Synchronous beating was initi-
ated by electric pacing (2 Hz; Figure 7B and Movie VI 
in the Data Supplement), and the patches continued 
to beat synchronously without electric stimulation (Fig-
ure 7B and Movie VII in the Data Supplement). Human-
scale patches were epicardially transplanted in wildtype 
(n=2) and LEA29Y pigs (n=2; 1 patch was divided in 
2 parts immediately before transplantation). Handling 
and suturing of human-scale patches on the epicardial 
surface of uninjured pig hearts was technically easy, and 
the upscaled patches withstood the mechanical forces 
during implantation (Figure XI in the Data Supplement). 
Histological analysis 2 weeks after transplantation re-
vealed small human grafts in the wildtype animals 
(maximum 650 human cells per section), but larger 
grafts in the LEA29Y animals (maximum 4500 human 
cells per section; Figure 7C and Figure XI in the Data 
Supplement). Screening for immune rejection demon-
strated clusters of CD3+ cells in the human grafts (Fig-
ure XI in the Data Supplement). Within the surviving 
human grafts, cell density and cardiomyocyte structure 
resembled the results seen in guinea pigs 2 weeks after 
transplantation (Figure 7D).

DISCUSSION
In this study, we aimed to advance the EHT patch ap-
proach toward clinical translation by (1) optimizing EHT 
geometry, (2) establishing a GMP-compatible process 
for EHT production, (3) determining an effective dose, 
and (4) exploring the possibility to generate a human-
scale patch. In addition, we systematically analyzed cell 
cycle activity after transplantation.

Optimization of EHT geometry was achieved by in-
tegrating and scaling up 2 previously described proto-
cols.9,21 In contrast to strip-format EHTs, in which car-
diomyocytes localize mainly on the outer surface,9,25 the 
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Figure 5. Analysis of cardiomyocyte proliferation and graft development after EHT patch transplantation.
A, PCM1/Ki67 and human Ku80/Ki67 double immunostaining of EHT patches and human grafts 2 and 4 weeks after transplantation. Bar graphs depict the 
percentage of PCM1-positive and -negative nuclei (% of all nuclei in the EHT or graft) and the Ki67-positive cardiomyocyte and nonmyocyte nuclei at the respec-
tive time points. Arrows in lower panel show examples of Ki67-positive/PCM1-positive cells, assumed to be actively cycling cardiomyocytes. The star indicates a 
Ki67-positive/PCM1-negative nucleus, assumed to be a nonmyocyte in cell cycle. Quantification of Ki67-positive/PCM1-positive nuclei (B) and Ki67/Ku80-positive 
nuclei (C; EHT patches: n=600 nuclei/N=3 EHT patches; 2 weeks after transplantation: n=1500 nuclei/N=3 hearts; 4 weeks after transplantation: n=3200 nuclei/
N=5 hearts). D, Human graft stained for BrdU and α-actinin. BrdU was injected daily over different time periods after transplantation (inset shows small intestine 
as positive control) and quantification of BrdU-positive cardiomyocytes (300–700 cardiomyocytes/N=2–3 hearts). E, Membrane (WGA), PCM1, and Aurora B kinase 
immunolabeling of a human graft 2 weeks after transplantation. A through E, Statistical analyses were performed by 1-way ANOVA followed by the Tukey test 
for multiple comparisons. Mean±SEM values are shown, *P<0.05, **P<0.01. BrdU indicates bromodeoxyuridine; BW, body weight; EHT, engineered heart tissue; 
PCM1, pericentriolar material 1; and WGA, wheat germ agglutinin.
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Figure 6. Analysis of graft development after transplantation.
A, Human Ku80 staining of guinea pig heart sections 1 and 4 weeks after transplantation and quantification of human Ku80-positive cells at the respec-
tive time points (n= 4 hearts 1 week after transplantation and n=14 hearts 4 weeks after transplantation). Statistical analysis was performed by 2-tailed 
unpaired Student t test. Mean±SEM values are shown. B, α-Actinin staining of EHT (baseline) and human grafts 1 week, 2 weeks, and 4 weeks after 
transplantation. YAP staining (C) and quantification (D) of nuclear YAP in EHT patches (baseline) and human grafts 1, 2, and 4 weeks after transplantation 
(n=300 nuclei/N=3–5 EHT patches or hearts, each data point shows 1 EHT patch or heart). Statistical analyses were performed by 1-way ANOVA followed 
by Tukey test for multiple comparisons. Mean±SEM values are shown, *P<0.05, ***P<0.001. CM indicates cardiomyocyte; EHT, engineered heart tissue; 
and YAP, yes-associated protein.
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Figure 7. Generation and transplantation of human-scale patches.
A, Photographs of the human-scale engineered heart tissue patch at the time of casting and after 6 weeks in culture. B, Contractility measurement of the human-
scale engineered heart tissue patch during pacing with 2 Hz and under spontaneous beating. C, Anterior wall sections stained for dystrophin and human Ku80 2 
weeks after transplantation. Asterisks mark the regions shown in higher magnification. D, α-Actinin staining of a human graft 2 weeks after transplantation.
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optimized geometry resulted in a dense, homogeneous 
cardiomyocyte distribution. This can, at least to some 
extent, be explained by a better nutrition and oxygen 
supply because we have previously shown that oxy-
gen concentration was low in the center of large tis-
sue patches without mesh structure.26 Cell distribution 
was even more homogeneous when we applied dy-
namic culture conditions,27 resulting in cardiac patches 
morphologically resembling mature myocardium. The 
mature histological phenotype was mirrored by the 
electrophysiological results. AP characteristics of EHT 
patches more closely resembled human left ventricular 
tissue than small EHTs, and the conduction velocity (41 
cm/s) was only slightly slower than reported for guinea 
pig28 and human myocardium.29 Despite the morpho-
logical and physiological similarity to mature human 
myocardium, EHT patches also demonstrated signs of 
immaturity, for example, the expression of MLC2a in 
some cells30 and the dispersed expression of connexin 
43.31 Force production per input cardiomyocyte (≈0.3 
mN/million cardiomyocytes) was lower than reported 
recently for similar cardiac constructs,32 but well in line 
with standard small EHTs. The fact that the protocol 
achieved similar results in 3 different iPSC lines (includ-
ing the GMP-grade hiPSC cell line TC-1133) indicates 
robustness and general applicability.

Conversion of our standard culture conditions to 
GMP-like conditions was principally straightforward 
with one exception. Whereas the omission of Matri-
gel had no morphological or functional impact, serum 
turned out to be critical. Serum-free culture of EHTs 
(according to reference22) resulted in macroscopically 
noncontracting EHT patches and small grafts. Human 
serum, which is available in GMP grade, gave rise to 
EHT patches with excellent structure and function. 
The final protocols thus contained solely substances 
that are available at GMP grade allowing a potential 
clinical application.

Although the more mature phenotype of EHTs un-
derlines the effect of optimized culture conditions, it 
could have resulted in poorer cardiac repair because 
the transplantation of adult (mature) rat cardiomyo-
cytes was unsuccessful.33 However, our results indicate 
that cardiomyocyte maturation (at least to some ex-
tent) might even have a favorable effect, for example, 
when comparing graft results with EHTs cultured un-
der serum-free and serum-containing medium. Graft 
size per input cell number was similar to strip-format 
EHT transplantation, but variability was lower9 and 
did not differ between EHT patches from different cell 
lines (UKEi1-A, C25, and TC-1133) that demonstrated 
a similar, coherent beating pattern (in a small pilot 
study), indicating that the contractility pattern at the 
time of transplantation reflects EHT quality (eg, cardio-
myocyte maturation, cell-cell interaction) and predicts 
transplantation success. The grafts consisted of densely 

packed cardiomyocytes and showed signs of further 
maturation after transplantation (eg, increased expres-
sion of the ventricular isoform and lower expression of 
the atrial isoform of myosin light chain), but signs of 
immaturity remained (eg, the dispersed connexin 43 
expression and ongoing cell cycle activity). They were 
vascularized by host-derived vessels within 4 weeks af-
ter transplantation, a finding that confirms previous re-
sults.9,34 In contrast to our previous study,9 and to other 
recent studies,22,35,36 we did not include nonmyocytes 
in the EHT patches. The reason for this was 2-fold. (1) 
The choice of a single cell type facilitates clinical trans-
lation.37 (2) Nonmyocytes do not directly participate in 
the formation of new myocytes, the primary goal of 
remuscularization. Introduction of nonmyocytes mainly 
aimed to improve patch development and eventually 
cardiomyocyte engraftment. Yet, we have seen neither 
positive effects of nonmyocytes on EHT development, 
nor survival of endothelial cells after transplantation.9

The concept of remuscularization is based on the 
hypothesis that the newly formed myocardium actively 
contributes to left ventricular function. Even though 
there is some evidence that improvement in left ven-
tricular function correlates with graft size,38,39 preclinical 
studies have not revealed a clear dose dependency.40 
Defining an effective dose therefore represents an im-
portant step toward clinical application. Our study dem-
onstrated a cell dose-dependent effect on remuscular-
ization, but the left ventricular function only improved 
in the highest dose. In fact, a mean graft size of 5% 
in group 2 was not associated with improved left ven-
tricular function. The estimated number of grafted cells 
in the high-dose group (12×106 cardiomyocytes input) 
was ≈7.8×106 cardiomyocytes amounting to a mass of 
≈40 mg grafted cells in a 2.4-g guinea pig heart (graft 
mass=left ventricular mass [heart mass×0.6] × scar size 
[% of left ventricle] × graft size [% of scar size]). This 
reflects a grafted cell mass of ≈16.5 mg/g heart weight. 
Based on the infarct size of ≈20% of the left ventricle 
(60% of the total heart mass), one can calculate an en-
grafted cell mass of ≈140 mg/g infarcted heart mass 
(infarcted heart mass 0.12 g/g heart weight). These 
numbers are similar to recently published data in non-
human primates (≈100×106 engrafted cells in a ≈40-g 
heart; even though functional improvement was larger 
in the non-human primate model),41 indicating that 
this dosing principle could also be generalized to other 
animal models or even patients. Assuming a linear re-
lationship ≈1000×106 engrafted cardiomyocytes (input 
EHT-patch cell number ≈1400×106 cardiomyocytes; 
≈1/3 of the cardiomyocyte number of an adult human 
heart) would be required for a 300-g heart. Maturation 
after transplantation and a better functional integration 
of human cells in a human heart might allow us to ap-
ply lower cell numbers, but the number highlights the 
high ambitions of a cell transplantation strategy.
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There is growing evidence that cardiomyocyte pro-
liferation participates in graft development after trans-
plantation of pluripotent stem cell–derived cardio-
myocytes.39,41,42 Yet, a comprehensive analysis was still 
lacking. We therefore systematically analyzed cardio-
myocyte cell cycle activity. A high number of transplant-
ed cardiomyocytes was in the cell cycle with cell cycle 
activity peaking 2 weeks after transplantation. Analysis 
of cardiomyocyte proliferation is challenging because 
(1) it is difficult to distinguish cardiomyocyte from non-
myocyte nuclei and (2) classical markers are not able 
to discriminate between true proliferation (cytokinesis), 
polyploidization, and multinucleation. We therefore 
combined several strategies. They collectively demon-
strated an increase in cardiomyocyte cell cycle activity 
after transplantation. Evidence for true cardiomyocyte 
proliferation is strengthened by symmetrical midbody 
localization and the development of graft structure 
and cardiomyocyte density after transplantation. Early 
after transplantation, cardiomyocytes had lost the ma-
ture phenotype seen in the EHT patch. Cell density in 
these early grafts was low and sarcomeric structure was 
irregular, indicating that a substantial number of car-
diomyocytes die after transplantation. However, only 1 
week later, cell density had increased, and cell morphol-
ogy improved substantially, most likely reflecting (1) the 
recovery and maturation of surviving cardiomyocytes 
and (2) cardiomyocyte proliferation. These results are 
further corroborated by the analysis of YAP localization. 
Hippo signaling has been identified as the major path-
way to regulate cardiomyocyte proliferation.24 YAP is a 
downstream effector of Hippo signaling. In accordance 
with the expression of cell cycle markers, nuclear YAP 
expression increased after transplantation. The fac-
tors underlying the reentry in the cell cycle are pres-
ently unknown, but we hypothesize that hypoxia and 
increased extracellular stiffness are involved.43,44 The 
findings support the strategy to stimulate cardiomyo-
cyte proliferation, either by genetic modifications,45,46 
by pharmacological immunosuppression,46 or by the 
addition of other cell types38 to promote cardiomyocyte 
transplantation.

When transplanting EHT patches in large ani-
mals (≈50 kg), we found that medium-sized patches 
(1.5×2.5 cm) with a cell density of 15×106 cardiomyo-
cytes per 1.5 mL were not suitable for transplantation 
onto a pig heart. The patches did not withstand the 
much stronger force of the pig heart. We therefore in-
creased the fibrin concentration and cell density and 
generated more stable upscaled patches (7×5 cm) con-
taining ≈450 Mio cells. Human-scale patches resisted 
the mechanical forces of the pig heart, and patch trans-
plantation was technically easy, demonstrating the sur-
gical feasibility of this approach. Given that the human 
heart contains ≈3×109 cardiomyocytes and the surface 
of the left ventricle is ≈100 cm2, these EHT patches (35 

cm2) can be safely termed human scale. Yet, the results 
from our dose-finding study indicate that even higher 
cell numbers (than the ≈450 Mio currently used) will be 
required to repair large myocardial injuries in humans. 
Standard pharmacological immunosuppression result-
ed in only low cell survival in this xenogeneic setting. 
Even though more human cells survived short term in 
transgenic animals overexpressing a human CTLA4-Ig 
derivate, there was also evidence for T-cell infiltration, 
demonstrating that inhibition of T-cell costimulation is 
crucial for the survival of human cardiomyocytes in a 
pig model,42 but also highlighting the need for further 
optimization of immunosuppressive therapy in future 
large-animal studies.

Limitations
We have chosen a guinea pig model because it resem-
bles the human heart´s electrophysiology better than 
any other small-animal model. However, the extensive 
collateralization of the guinea pig heart does not al-
low the induction of myocardial injuries of reproducible 
size with an ischemia-reperfusion model.47,48 We there-
fore had to use a cryo-injury model. We also did not 
evaluate heart rhythm in this study because (1) we did 
not observe arrhythmias in a previous study with EHT 
strips49 and (2) small-animal models are of limited validi-
ty in arrhythmia prediction. Because human grafts were 
separated by fibrotic caps from the host tissue, a more 
detailed analysis of electric coupling will be required in 
future studies. The large-animal study was designed to 
show technical feasibility and not efficacy.

Taken together, the present study developed EHT 
patches with new geometry that exhibit excellent heart 
tissue structure and function in vitro, can be produced 
under GMP-compatible conditions, and are mechani-
cally robust and scalable to a human-relevant size. The 
dose-dependent effect of EHT patch transplantation in 
a guinea pig model should provide guidance for a rele-
vant cell dose/patch size for a future clinical application.
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Abstract
Background: The clinical application of stem cell therapy for myocardial infarction will require the
development of methods to monitor treatment and pre-clinical assessment in a large animal model, to
determine its effectiveness and the optimum cell population, route of delivery, timing, and flow milieu.

Objectives: To establish a model for a) in vivo tracking to monitor cell engraftment after autologous
transplantation and b) concurrent measurement of infarct evolution and remodeling.

Methods: We evaluated 22 dogs (8 sham controls, 7 treated with autologous bone marrow monocytes,
and 7 with stromal cells) using both imaging of 111Indium-tropolone labeled cells and late gadolinium
enhancement CMR for up to12 weeks after a 3 hour coronary occlusion. Hearts were also examined using
immunohistochemistry for capillary density and presence of PKH26 labeled cells.

Results: In vivo Indium imaging demonstrated an effective biological clearance half-life from the injection
site of ~5 days. CMR demonstrated a pattern of progressive infarct shrinkage over 12 weeks, ranging from
67–88% of baseline values with monocytes producing a significant treatment effect. Relative infarct
shrinkage was similar through to 6 weeks in all groups, following which the treatment effect was manifest.
There was a trend towards an increase in capillary density with cell treatment.

Conclusion: This multi-modality approach will allow determination of the success and persistence of
engraftment, and a correlation of this with infarct size shrinkage, regional function, and left ventricular
remodeling. There were overall no major treatment effects with this particular model of transplantation
immediately post-infarct.
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Background
Beginning in 2001, tremendous excitement was stimu-
lated regarding the potential to "heal" or reduce the extent
of necrosis following myocardial infarction, using trans-
planted progenitor cells. These early small animal studies
demonstrated a remarkable degree of reduction of myo-
cardial injury and improvement in left ventricular func-
tion [1-8]. Such enthusiasm was generated that a number
of clinical trials were conducted [9-14]. However, the
inconsistent and limited treatment effects in these recent
trials have tempered this enthusiasm [15,16].

Therefore, the question persists as to whether the early
results can be translated into the clinical realm. More
recent animal studies have cast further doubt regarding
the degree of engraftment, whether bone-marrow-derived
cells differentiate into cardiomyoctes [17,18], and
whether any therapeutic effect occurs. Assuming benefit,
there are several unanswered questions re: specific cell
lines, optimum route of delivery, timing, and regional
flow environment.

Resolution of these will require pre-clinical evaluation in
a large animal model to monitor the degree of engraft-
ment, and correlation with measurable treatment effects
on infarct evolution, including left ventricular remode-
ling.

There are potentially a number of different approaches for
in vivo cell tracking: paramagnetic iron oxide particle
labeling imaged with cardiovascular magnetic resonance
(CMR) [19-25]; radiolabeling of reporter probes [26-29];
and incorporation of radioactively labeled compounds
into transplanted cells with in vivo PET or SPECT [30]. In
our own hands, the use of a reporter probe in a large ani-
mal model (dog), did not appear to be feasible because of
high non-specific background uptake [31].

Cell labeling techniques are commonly applied to hemat-
opoetic cells using technetium, indium-based com-
pounds or fluorinated-2-de-oxy-glucose [32-36]. Indium
labeling has become established for tracking marrow-
derived cells in vivo [36,37], and we have chosen this
method to establish the presence, and degree of retention
of cells. A recent in vitro and phantom study in our labo-
ratory indicated that as few as 3,600 cells may be detected
with 111In SPECT [38]. This sensitivity is dependent on a
maximum average concentration of radioactivity of 111In
of 0.14 Bq/cell which we have shown can be safely incor-
porated without affecting viability, function, or prolifera-
tive capacity [38]. However, another laboratory has
suggested that much higher radioactive loading is possible
[39].

This study was undertaken to establish a method to con-
currently use SPECT and CMR to 1) monitor cell engraft-
ment, and 2) the effects of transplantation on infarct size,
regional function, and remodeling indices, in a canine
model of reperfused anterior myocardial infarction using
bone marrow-derived monocytes (BMMC's) [40-43] or
stromal (mesenchymal) cells [44-47], which have been
reported to have favorable effects on myocardial regener-
ation. The goals of this study were primarily to demon-
strate the ability to perform these assessments in the same
animal, and to determine the evolution of infarct-related
changes. By restricting the development and application
of techniques and technologies in a large animal model to
those already approved for human use, translation to
human use is assured.

Methods
Animal Preparation
Adult female bred-for-research hounds were used. All pro-
cedures were approved by the Animal Care Committee of
the University of Western Ontario, and were performed
according to the Guide of the Care and Use of Experimen-
tal Animals of the Canadian Council on Animal Care and
Use of Laboratory Animals, National Research Council.
We used a 3 hour left anterior descending occlusion/
reperfusion model with cells injected 3 hours after reper-
fusion, i.e. 6 hours after the onset of coronary occlusion.
The animals subsequently underwent serial imaging for
12 weeks, and then were sacrificed.

Cell Harvesting and Labeling
Preparation of Bone Marrow Mononuclear Cells and Bone Marrow 
Stromal Cells
In anticipation of autologous transplantation, under gen-
eral anesthesia, bone marrow was aspirated from either
the sternum or humerus with a heparinized syringe. The
marrow aspirate was diluted 1:3 with PBS and 8 mls was
layered over a 4 ml Ficoll cushion and centrifuged for 20
minutes at 430 g to pellet RBCs and platelets. BMMCs
were collected from the Ficoll/serum interface, pelleted at
430 g for 8 minutes and the pellet (containing RBCs and
BMMCs) resuspended in 10 mls PBS. Three volumes of
lysis buffer (high osmolarity ammonium chloride) were
added to the mixture and incubated on ice for 7 minutes
to selectively lyse RBCs, then centrifuged at 430 g for 8
minutes and the white BMMC pellet resuspended in 2 mls
PBS containing 5% FBS. Cells were counted on a hemacy-
tometer, washed with PBS and either used directly for
radioactive labeling and injection on the day of isolation
(BMMC) or cultured on plastic tissue culture dishes after
further isolation (stromal) (Falcon, VWR, Mississauga,
ON) in growth medium consisting of DMEM, 10% FBS,
glutamate and penicillin/streptomycin.



Journal of Cardiovascular Magnetic Resonance 2009, 11:11 http://www.jcmr-online.com/content/11/1/11

Page 3 of 16
(page number not for citation purposes)

To obtain sufficient stromal cells for transplantation,
these cells were culture expanded for approximately 14
days. Specifically, the growth medium originally contain-
ing the BMMC's was changed twice weekly and the non-
adherent cells discarded. With washing, the hematopoi-
etic cells were washed away, and only the remaining
adherent stromal cells were retained. No unique mem-
brane marker was used for identifying stromal cells, but
they are generally considered to lack the c-kit, CD34 and
CD45 markers characteristic of Hematopoietic Stem Cells
(HSC) [48,49]. The stromal cell population is highly het-
erogeneous with respect to biomarkers and may contain
anywhere from 0.01 to 0.001% mesenchymal stem cells
(MSCs) [48]. In future experiments, these cells may be
enriched by FACS using MSC-specific markers such as
CD13, CD29 and CD44 [49]

111In Tropolone Labeling of Bone Marrow Cells
We previously have described 111In tropolone labeling of
cells [38]. Briefly, cells were incubated with 111In-tro-
polone in phosphate buffered saline (PBS) for 30 minutes
at 37°C. Then, cells were centrifuged at 430 g for 10 min
at 20°C. The supernatant was discarded and the pellet was
washed three times with PBS as described above. Typical
labeling efficiencies were ~60%. The combination of labe-
ling efficiency, number of cells incubated and dose of
radioactivity ensured that cells were labeled with < 0.14
Bq/cell, the dose we have previously demonstrated to
cause no adverse effects on cell viability and proliferation
[38] Labeled cells were typically transplanted by direct
injection within 90 minutes of the start of labeling.

We have investigated the correspondence between the
111In signal detected at the transplantation site and the
contribution to that signal by a) 111In inside viable cells,
b) 111In released by dead cells which have not been
cleared, and c) 111In leaked from viable cells and not
cleared [50]. We have discovered that there is a consistent
initial clearance of 111In with a biological half life of ~2
hours attributable to viable cells rapidly leaving the injec-
tion site. This initial clearance is followed by a slower
clearance attributed to the biological half life provided the
true biological half life of the transplanted cells is >1 and
<20 days. The lower limit is set by the rate of clearance of
111In labeled cellular debris and the upper limit by the
rate at which 111In leaks from viable transplanted cells.
The experiments performed in our laboratory and
reported by Blackwood et al [50] indicate that Indium
released by either viable or non-viable cells is not taken up
to any degree either by these stem cells or a rat embryonic
cardiomyoblast H9c2 cell line [50], and is rapidly cleared
from the site of injection.

Labelling BMMC and Stromal Cells with PKH26
PKH26 is a lipophilic marker inserted into the mem-
branes of viable cells [51], which cannot be passed from
cell to cell, and effectively labels the cell membrane. This
marker provided a means of identifying the transplanted
cells histologically following sacrifice. BMMC's and stro-
mal cells were completely trypsinized with a 1:50 dilution
of 20 mg % trypsin (Gibco/BRL, Burlington, Ontario,
Canada) for 10 min. Cells were washed once by centrifu-
gation for 8 min at 800 g followed by resuspension in
complete media with serum. This wash was then repeated
using Dulbecco's MEM (Gibco/BRL, Burlington, Ontario,
Canada) without serum. After cells were centrifuged a
third time, they were resuspended in 1 ml of Diluent C
(Sigma Chemical Co, St Louis, Missouri, USA) according
to the manufacturer's instructions. The PKH26 membrane
label (Sigma Chemical Co, St. Louis, Missouri, USA) was
prepared to a concentration of 15 ul of PKH26 stock (in
ethanol) in 1 ml of diluent C, and then added to the cell
suspension. Cells were incubated at room temperature
(RT) for 4 min with the tube inverted every minute. Fol-
lowing incubation, an equal amount of horse serum
(HyClone Labs Inc, Logan, Utah, USA) was added and
cells incubated for one minute. An equal volume of com-
plete media was added and cells were centrifuged as usual.
Cells were then washed two times with complete media to
remove any unbound label.

Surgical Preparation
Dogs were anesthetized using intravenous Propofol (1
ml/kg), intubated and ventilated with oxygen enriched
room air, and maintained with Isofluorane (2%). Follow-
ing thoracotomy, the left anterior descending coronary
artery was identified and ligated for 3 hours using a snare,
and then released. Eight control animals received only
injections of normal saline into the central and peri-inf-
arct areas 3 hours after release of the snare (6 hours from
the onset of the occlusion). Seven animals received an
injection of 2–3 × 107 BMMC's, and 7 animals, 1.5–1.7 ×
107 stromal cells, also 3 hours after snare release. These
animals were then imaged on a regular basis (as described
below) for 12 weeks and then sacrificed with potassium
chloride.

An additional five animals were studied to establish the
retention of the PKH26 cell labeling (3 animals with
BMMC's) and parameters for SPECT (2 animals). The 3
PKH26 animals were sacrificed at three weeks. For SPECT,
the animals were injected with stromal cells and imaged
at day 0 (surgery), 4, 7, 10 and 14 days.

Cell Transplantation
BMMC experiments
On the day of surgery, marrow was harvested and the cells
were separated and co-labeled with PKH-26 and
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111Indium-tropolone. Cells were also mixed in India ink
for both gross and microscopic determination of the sites
of injection. We did not demonstrate any harmful effects
related to India ink. A small aliquot of cells was not
injected but maintained in culture and monitored daily
for 2 weeks. Autologous cells were injected directly into
the infarct and peri-infarct region (by visual assessment of
both discoloration and regional wall motion at the epicar-
dial surface) at multiple sites (8–10) using a 25-gauge nee-
dle.

Stromal cell transplantation
After the cells had been culture expanded for two weeks,
they were injected directly into the infarct and peri-infarct
regions, and imaging began. As was the case for the
BMMC's, a small aliquot of cells was kept in culture and
monitored.

Imaging Protocols and Analysis
CMR
CMR was performed on the day of surgery, and then
weekly to 8 weeks, and then at 10 and 12 weeks. CMR was
performed on a Siemens Avanto 1.5 T clinical scanner
using a rigid radiofrequency transmit/receive coil (Sie-
mens, CP Head coil). A mid-ventricular, transaxial gradi-
ent-echo 'scout' image was used to locate the long-axis
and short-axis (SAX) image-planes. Cine CMR for the
assessment of wall motion was obtained using a seg-
mented cineFLASH sequence with 5 lines per segment, 8–
12 segments per beat, TR/TE 10/4.8 ms, α = 20°, slice
thickness 8 mm, and a rectangular field of view (FOV,
175–250 × 400 mm).

For the assessment of infarct size, each imaging session
used a 0.2 mmol/kg bolus of Gd-DTPA (Magnevist, Berlex
Canada, Lachine, Québec, Canada), followed by a con-
stant infusion of 0.004 mmol/min/kg for 45–60 min, to
ensure a steady state [52-54]. This method has been vali-
dated in our laboratory in both canine and clinical set-
tings to provide excellent delineation of the extent of scar
and correlation with histological measurement of infarct
size [53]. Using this method removes the dependence on
the timing of imaging as a variable affecting the increase
in signal within the infarct zone as equilibrium is estab-
lished between blood and tissue concentrations of Gd-
DTPA [53]. The imaging sequence used for infarct size
evaluation was a segmented inversion-recovery turbo-
FLASH (irTFL, TR/TE 8.0/4.0 ms, α = 25°, TI chosen itera-
tively to null the normal myocardium), acquired after at
least 30 min continuous infusion, synchronized to the
cardiac cycle (at end diastole) and with breath holding
(respirator turned off). A stack of 6–7 (8 mm thick) con-
tiguous short-axis irTFL and cine MR images was acquired,
in order to obtain full LV coverage.

Left-ventricular Wall Motion Analysis
Cine CMR images were used to qualitatively assess left-
ventricular wall motion for every slice position and time-
point in each animal using a validated method [55]. To
briefly review, each short-axis slice was divided into six
segments (septal, infer-septal, antero-septal, lateral,
antero-lateral, and infero-lateral). For each segment of
every slice, a subjective quantitative score assesing wall
motion was assigned. Hyperkinetic wall motion was
assigned a score of 7, normal, 6, mildly hypokinetic 5,
moderately hypokinetic 4, severely hypokinetic 3, akinetic
2, and dyskinetic 1. Each individual cine was interpreted
by one of three experienced cardiologists (GW, PZ, and
SD), blinded to treatment and time-point of each study.
Only those segments with a baseline (immediately post-
infarction) wall motion score of 4 (moderately hypoki-
netic) or less (more severe) were analyzed for subsequent
treatment effects. Also, as there was considerable variation
in the extent of wall motion abnormalities initially (the
number of segments affected), only the average score for
each individual animal at any given time point were used
for treatment comparisons.

Analysis of Infarct Size
We have previously reported in detail our method for the
determination of infarct size [53,56] which is modeled
after the initial work of Kim [57]. For each irTFL image,
the endo- and epi-cardial borders were traced manually
using Analyze AVW software [58] (Mayo Clinic, Roches-
ter, Maine, USA). In a remote region, the signal intensity
(SI) was sampled and used to apply a semi-automatic seg-
mentation of the LV: a region was deemed 'infarcted' if it
consisted of pixels with SI >2 SD above that of remote (i.e.
normal) myocardium [57]. The total number of infarcted
pixels for all slices was determined and expressed as a per-
centage of the total in the LV. The latter parameter, cor-
rected for absolute volumes, was used for total left
ventricular volume (mass) and the endocardial contour
allowed determination of the end-diastolic volume.

Nuclear Medicine Imaging and Analysis
In the two animals imaged five times in 14 days, the pur-
pose was to determine a) the period of time over which
111In could be detected, and b) the anatomic location of
the cells with respect to the infarct during that time inter-
val. In one animal, stromal cells were injected into the inf-
arct while in the second animal, cells were injected into
both the infarct as well as the normal tissue at a distance
of 3 cm from the first injection site. For the second animal,
the signals from the two injection sites were analyzed sep-
arately.

Imaging was performed on a dual-head MillenniumMG
gamma camera (General Electric Healthcare Technolo-
gies, Waukishaw, WI) using medium-energy general pur-
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pose collimators. Images were acquired on surgery day
(day 0), and repeated on days 4, 7, 10 and 14. Initially, a
20-min whole-body scan was acquired to assess the extent
of radio-tracer distribution. An 111In SPECT image, cen-
tered on the heart, was then acquired with a scan time
starting at 40 minutes on day 0 and gradually increasing
to 4 hours on day 14. Immediately following the 111In
imaging, 783 ± 70 MBq of 99mTc-labeled sestamibi was
injected. A 30-min 99mTc SPECT image was acquired one
hour after injection to both assess myocardial perfusion
and provide an anatomical context for the 111In images.

After background correction, the 111In projection data
were reconstructed incorporating resolution compensa-
tion, and then filtered with a 5.4 mm FWHM Gaussian fil-
ter. The reconstructed image array was 128 × 128 × 128
(2.7 mm isotropic voxel size). The sestamibi images were
reconstructed in a similar fashion and co-registered using
the Analyze AVW software package [58](Mayo Clinic,
Rochester, MN). A volume of interest (VOI) was defined
on the weighted sum of the five 111In images by threshold-
ing the indium volume at 3% of the maximum value. The
number of counts in this volume at each of the five imag-
ing days was used to determine the in vivo time-activity
curve (TAC) of the 111In activity. Additionally the TAC of
the 111In signal from the single-site animal was calculated
directly from the projection data (total counts minus the
background) and used to confirm the value obtained
from the images reconstructed from the projection data,
supporting our image-based approach.

The results from these preliminary dog experiments gave
consistent results. For all three injection sites, the signal
decayed mono-exponentially with similar biological half-
lives of approximately 5 days: (5.8, 5.1, and 5.6 days
respectively). Thus, we were able to simplify subsequent
acquisition and analysis. To determine the biological half
life of the cells at the injection site, we performed whole
body 111In scanning at only 3 time points: within 30 min-
utes of cell injection, 7 days later and again 14 days after
the transplantation. 111In scanning was done in three of
the seven dogs given BMMC's and four of the seven dogs
given stromal cells. The logistics of doing both 111In-scan-
ning and CMR during the same anesthetic period limited
the number of animals imaged with 111In, although all
had CMR as previously described.

The following analysis was done on the whole body scans.
On surgery day, the counts for the whole body and region
over the heart were calculated and background corrected.
The ratio of the activity inside the heart over the total
activity measured in the body was taken as the percentage
of 111In (stem cells) that remained in the heart after injec-
tion. On day 7 and 14, the counts over the region of the
heart were calculated and background and decay cor-

rected. The ratio of the decay-corrected counts in the heart
over the total activity measured on surgery day was taken
as the percent of In-111 (stem cells) that remained within
the heart.

Histological Analysis
Detection of fluorescently labeled cells at injection sites
Immediately following sacrifice, hearts were removed and
cut transversely from apex to base into 4–5 rings. Injection
sites were identified by India Ink staining and 1 cm blocks
of tissue containing injection sites were dissected and
snap frozen in OCT by immersion in melting isopentane
at -80°C. Blocks were then cut at 10 μM using a Leitz cry-
ostat and representative sections (those adjacent to the
India ink marker) were stained with hematoxylin and
eosin. Serial sections were analysed for PKH26 fluores-
cence using a Zeisss Axiophot fluorescence microscope at
10×, 40×, and 630× magnification using the TRITC filter
series to detect red fluorescence.

In the 3 preliminary studies, not included in data analysis
of treatment effect, dogs were euthanized at 3 weeks post-
injection (rather than 12 weeks) and injection sites ana-
lyzed for PHK26 labeled cells using a Leitz Axioplan fluo-
rescence microscope with the TRITC filter series. Serial
sections were analysed for Myosin Heavy Chain (MyHC)
immunofluorescence using a cardiac MyHC specific mon-
oclonal antibody (Mab 4A9). Hoesch 33258 was used to
stain nuclei.

Blood vessel density in heart sections
In light of numerous reports that stem cell injections can
promote angiogenesis through a paracrine mechanism
[59-61], injection sites from 6 control, 5 BMMC and 7
stromal injected dogs were examined for capillary density
using alkaline phosphatase histochemistry to identify
endothelial cells. Capillaries were identified as dark pur-
ple structures in phase contrast microscopy, either as spots
(in cross section) or short tubes (in longitudinal section).
Capillary density was quantified, as previously described
by Oshima et al [62]. Two injection sites were analysed for
each animal and 5 fields were counted at 400× magnifica-
tion for each injection site. Fields were typically located in
the myocardium near the infarct border, and were ran-
domly chosen using a random number generator (ie a
phone book). Vessel density was calculated per mm2.

Statistical Analysis
For each time point, an analysis of variance corrected for
repeated measures was conducted to determine signifi-
cant group differences. When a significant result was
observed, Tukey tests determined which groups were sig-
nificantly different. Results were considered significant
when the probability of a type one error was less than
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0.05. All data are presented as means plus/minus standard
error of the means (SEM).

In order to determine if the evolving changes in the extent
of scar was dependent on the initial infarct size at surgery,
a Pearson Product Moment Correlation was conducted for
the initial extent of the infarct at surgery vs. the percent
change in infarct size from surgery at all time points. A sig-
nificant correlation would suggest that normalization
would not be appropriate.

Results
Cell Viability
We have previously shown that bone marrow cells incu-
bated with 0.9 MBq of 111In or less per 5 million cells had
100% viability over 14 days in culture (0.14 Bq/cell with
a labeling efficiency of 80%) [38]. We also demonstrated
an excellent correlation (r = 0.99, P < 0.01) between the
subsequent proliferation rate of cells labeled with 0.9
MBq 111In-tropolone and that of unlabelled control cells.
In the present study,the aliquots of BMMCs and stromal
cells kept in vitro showed normal proliferation and viabil-
ity 2 weeks after they were labeled with 111Indium-tro-
plone and PKH-26, and mixed with India ink (results not
shown).

In Vivo Indium Imaging Data
Fig. 1A–E shows the location of the 111In radioactivity at
the injection site co-registered with the perfusion deficit
on the 99mTc MIBI images in the dog imaged at several
time points through to day 14.

The biological clearance of cells from the injection site
was described by a mono-exponential function giving the
following results: for the BMMC injected dogs 5.7 days,
4.4 days and 4.4 days giving an average of 4.8 days; for the
four stromal cell injected dogs: 4.6 days, 6.1 days, 5.9 days
and 4.7 days giving an average of 5.3 days.

MR Assessment of Scar Shrinkage, Wall Motion, 
Ventricular Mass and End Diastolic Volume (Figs 2, 3, 4 and 
5)
Despite attempts at creating similar sized infarcts between
animals and treatment groups, the groups had signifi-
cantly different baseline infarct sizes, on the day of surgery
(see Fig. 2A). The control group had infarcts involving 23
± 4% of the LV, the bone marrow monocyte group, 14 ±
3%, and the stromal group, 34 ± 5%. In all cases, the liga-
ture was placed in a similar anatomic location, just distal
to the first diagonal branch.

Because of these variances, we normalized these differ-
ences by determining the relative degree of infarct size
reduction from baseline over the course of 12 weeks to
assist in the analysis of treatment effects. To determine the

validity of this approach and in order to determine
whether or not initial infarct size, measured immediately
following surgery, was related to changes in infarct over
time, we conducted Pearson product-moment correla-
tions between infarct size at surgery and relative change in
infarct size at all times by groups separately. There was
only one significant correlation for the Stromal group
between initial infarct and relative changes in infarct at
week 1. That correlation was likely due to random experi-
mental error. With 30 correlations performed, the proba-
bility of a significant correlation due to chance alone is
1.5, indicating that one and a half correlations would be
significant due to chance alone. Thus, our analysis shows
that there were no associations between initial infarct size
and relative changes in infarct size over time. In order to
increase the range of infarct size, a supplemental analysis
was conducted that included cases for all groups at once.
There were no significant associations observed. Thus, the
infarct size at surgery does not predict changes in relative
infarct reduction over time. Any statements made about
treatment are not confounded by the initial infarct size.

Therefore, using the relative change as the index parame-
ter, all groups had almost exactly the same degree of rela-
tive scar reduction up to the 6 week point, (control -62.4
± 4.3%, stromal -64 ± 8.3%, and BMMC's -61.5 ± 5.6%)
beyond which the curves began to diverge (Figure 2B). At
12 weeks, the control animals had a 75 ± 5% reduction in
scar, stromal cells 67 ± 3%, and bone marrow monocytes
88 ± 5%, Using the 6 week time point as the reference
point, there was a statistically significant difference
between the degree of further infarct shrinkage beyond 6
weeks in the BMMC group in comparison to both the con-
trols (p = 0.046) and stromal animals (p = 0.032) (Fig
2C). Figure 5 shows in a representative CMR of a dog
heart, the infarct size reduction from week 1 to week 12.

Although there was an improvement in regional motion
by approximately two wall motion scores in all groups (of
those segments with a baseline score of 4 or less), there
was no difference in the degree of improvement between
treatments at 12 weeks (Figure 3).

For left ventricular volume (mass), there were modest dif-
ferences between groups with small declines over time
with the stromal animals having the greatest decrease
between 8–12 weeks (presumably related primarily to inf-
arct shrinkage) (Figure 4A). However, there was no differ-
ence in the increase in enddiastolic volume between
groups at any time (Figure 4B).

As we did not quantify retained cell numbers using SPECT
in these experiments, it is difficult to make any statements
regarding correlation of cell numbers and treatment
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Serial Transaxial SPECT images following Indium labeling and intravenous Tc-99m MIBIFigure 1
Serial Transaxial SPECT images following Indium labeling and intravenous Tc-99m MIBI. Panels A-E respectively 
are fused images of Tc-MIBI and 111In-labeled stromal cells in a dog at day 0, 4, 7, 10 and 14.
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Absolute and relative changes in infarct size over timeFigure 2
Absolute and relative changes in infarct size over time. There was a progressive decline in both absolute (A) and rela-
tive (B) CMR measured infarct size, in comparison to baseline, for controls, and both treatment groups. Values are means ± SE. 
One way analyses of variance showed that significant group differences were observed in relative infarct size changes. Posthoc 
Tukey Tests showed significant paired group differences at 12 weeks when the 6 week time point was used as the reference 
point for further change. a-Control vs. BMMC p = 0.046, b-Stromal vs. BMMC p = 0.032,
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effects. This will be an important component of future
experiments.

Identification of PKH26 labeled cells at injection sites
In the three animals sacrificed at 3 weeks, most serial tis-
sue sections showed PKH26 labeled cells interspersed
with the India ink used to label injection sites. As shown
in Fig. 6, Hoesch 33258 labeled nuclei and BMMC cells
were observed within the scar tissue, as demonstrated by
blue and red fluorescence, respectively. In some cases, red
PKH26 labeled cells co-expressed with Mab4A9 labeled
cardiac myosin heavy chain (MyHC) as indicated by yel-
low fluorescence in the overlay. This may be the result of
BMMCs fusing with host cardiomyocytes and/or transdif-
ferentiating into cardiomyocytes. PHK26 positive cells co-
expressing MyHC were relatively rare, comprising approx-
imately 2–4 cells per field. The presence of PKH26 positve

cells would be in keeping with the Indium activity seen in
the animals imaged with SPECT at 14 days and the clear-
ance half-life of 5.3 days in the stromal experimental
group.

When injection sites were examined from dogs eutha-
nized 12 weeks post-injection, fluorescence microscopy
detected PKH26 label associated with the extracellular
matrix and individual cells. However, the relative number
of labeled cells was much reduced from week 3 animals.
Again, the small number of cells identified would be pre-
dicted based on the clearance kinetics observed with
SPECT. It is difficult to comment on the correlation
between cell numbers seen at 12 weeks and the treatment
effect observed on CMR. In all cases, PKH26 label was
observed near India Ink used to mark injection sites. In
contradistinction to 3 weeks, immunofluorescent co-

Changes in regional wall motion scoresFigure 3
Changes in regional wall motion scores. Although there was a progressive improvement in regional function in the infarct 
and peri-infarct areas by almost 2 wall motion scores, there was no difference between treatments at 12 weeks. Separate one 
way analyses of variance showed that significant group differences were observed at week one only, F(2,16) = 8.08, p < .01. 
Posthoc Tukey Tests showed significant paired group differences between a = Controls and BMMC, and c = Stromal and 
BMMC.
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localization of MyHC failed to detect PKH26 positive cells
which co-expressed MyHC.

Effect of Cell Injection on Angiogenesis
Of the three groups, the mononuclear and stromal stem
cell treated animals showed approximately a 1/3 increase
in the density of blood vessels within the peri-infarct
region compared to control animals (Fig 7). This was not
statistically significant (F (2,15) = 1.30; p = .30) perhaps
due to the small sample size (15 animals per group would
have been required if the same trends were maintained
(Sample Power 2.0, SPSS inc. 2000)).

Discussion
This study establishes the methodology for monitoring
cell retention at the site of transplantation and determin-
ing the impact of these injections upon a) the natural
change in infarct size, wall motion, and remodeling indi-
ces serially for a 12 week period. We have tracked cell
retention using the radioactive tracer Indium111 and the
fluorescent lypophyllic marker, PKH26, to co-label our
cells in vitro. Previously, we have shown that our labeling
procedure, at the radioactive doses used, does not affect
the survival, proliferation or differentiation of stromal
cells [38]. There has been concern that Indium labeling
may lead to harmful effects on cell function, but the
administered dose per cell was not provided in that pub-
lication [35]. SPECT of In111 has allowed us to evalaute
cell clearance kinetics, up to 2 weeks, and to correlate
these with measures of treatment effect. We observed a
rapid loss of 111In signal over a two week period post-
injection, and this correlated with a small number of PKH
positive cells at 12 weeks. Since SPECT could not detect
111In signal at 12 weeks post-injection, a direct compari-
son between 111In signal and the number of PKH26
labelled cells was not possible. However, rapid cell loss
has previously been described for muscle satellite cells
injected into skeletal muscle [63] and for satellite cells
injected into myocardium [64]. We do not know if this
observed rapid clearance is the result of cell death caused
by the relatively hostile inflammatory environment
present in recently infarcted myocardium used in our
model, the migration of cells away from the injection site,
or if the kinetics described only apply to the cell lines
used. We did not, in these experiments, quantify retained
cell numbers and therefore, we are not able to correlate
these with treatment effect.

While there was some evidence that BMMCs can transdif-
ferentiate into cardiomyocytes at 3 weeks post-injection
(Figure 6), this was a relatively rare event. We did not
observe BMMC or stromal cell-derived cardiomyocytes in
any of our treated dogs at 12 weeks.

Changes in left ventricular volume and enddiastolic volumesFigure 4
Changes in left ventricular volume and enddiastolic 
volumes. A The stromal cell animals had a significant decline 
in left ventricular volume (total mass) in comparison to both 
controls, and BMMC from 8 weeks through 12 weeks: b- 
stromal different from controls c- stromal different from 
BMMC. There were small increases in endiastolic volume 
over time but there were no differences between treat-
ments. The first data point on the graph is at the first week 
following surgery relative to the volume on the day of sur-
gery.
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Late gadolinium enhanced end diastolic images from one of the stromal cell animals on the day of infarction, left, and at 12 weeks, rightFigure 5
Late gadolinium enhanced end diastolic images from one of the stromal cell animals on the day of infarction, 
left, and at 12 weeks, right. The initial image demonstrates a large infarct with a central area of no enhancement. Such a 
pattern is often seen with extensive microvascular injury leading to "no reflow" and failure of delivery of tracer to the central 
zone of infarction. The 12 week image demonstrates a considerable reduction in the extent of infarction, and thinning of the 
infarct area, with loss of this no reflow effect, and cavitary dilatation.

 

Identification and characterization of PKH26+ (fluorescent) labeled donor cells in damaged myocardium 3 weeks following direct injection of Bone Marrow Mononuclear cells (BMMCs) into myocardiumFigure 6
Identification and characterization of PKH26+ (fluorescent) labeled donor cells in damaged myocardium 3 
weeks following direct injection of Bone Marrow Mononuclear cells (BMMCs) into myocardium. A) Overlay of 
PKH26 fluorescence (red) on 160× bright field image of unfixed cryostat section reveals bright red foci, which represent 
engrafted PKH26+ donor BMMCs. B) Overlay of beta cardiac myosin heavy chain immunofluoresence (IF = green) with PHK26 
fluoresence (red) and Hoesch 33258 fluoresence (blue) reveals red donor cells at the interface between scar (left) and myocar-
dium (right). Yellow MyHC+/PKH26 + BMMCs derived cardiomyocytes can also be observed. (Mag 160×).
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Our study demonstrates a therapeutic effect from the
injection of autologous BMMC's into the peri-infarct
region after 3 hrs of ischemia and 3 hrs of reperfusion,
when compared to controls or stromal cell-treated ani-
mals. Previous studies have demonstrated improved neo-
vascularization following transplantation of monocytes
in a murine model [65], a reduction in infarct size with
increased angiogenesis but no change in regional function
in a porcine model [66], alteration of LV remodeling indi-
ces in a rat model [67], and even improved angiogenesis
and cardiac function when cells were retroperfused
through the cardiac veins of pigs subject to a left anterior
descending occlusion [68].

Stromal cells have been claimed to produce superior myo-
cardial regeneration in rats [69,70], and a porcine model
[71], but only increased angiogenesis with no improve-
ment in scar reduction in a rat model [70]. These incon-
sistent literature reports leave uncertainty as to whether
cell therapy does provide reproducible evidence of benefit

in large animal models. It is our hope that the concurrent
use of MR to monitor changes in scar shrinkage, and cor-
relation of this with both cell retention kinetics and quan-
titative measure of cell retention (in future experiments),
will help to provide more concrete evidence to support
claims of treatment efficacy. Infarct shrinkage was the
parameter, which, in our hands, was associated with the
most consistent pattern of evolution, and the least inter-
animal variation through to 6 weeks. Beyond that point,
the curves began to diverge with a treatment effect with
the BMMC's. We would suggest that future studies focus
on this index parameter as a gauge of treatment response.
Further, our study provides a framework for planning
imaging studies to monitor the effect of cell therapy. We
recommend early post-infarct imaging, a repeat at 6
weeks, and then at the end-point of treatment, which may
be 12 weeks or longer. The pattern and degree of initial
infarct shrinkage may also allow calculation of the neces-
sary sample size needed to establish treatment effect.

Bar graph illustrating the vessel density (vessels/mm2) in the peri-infarct region of each experimental groupFigure 7
Bar graph illustrating the vessel density (vessels/mm2) in the peri-infarct region of each experimental group. A 
total of five random fields of view (400×) bordering the infarct scar had vessel structures counted for two injection sites for 
each animal in each group. The number of capillaries for each animal was averaged and calculated per square millimeters and 
used to calculate the vessel density for each group +/- SD (control n = 6, mononuclear n = 5, stromal n = 7). Of the three 
groups, the mononuclear and stromal stem cell treated animals showed approximately a 1/3 increase in the density of blood 
vessels within the peri-infarcted region compared to control animals that received an infarct but no cells, but was not signifi-
cant due to the small number of animals per group (F 2,15 = 1.30; p = 30).
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Although Orlic claimed a major reduction in the extent of
infarct size [6,8], others have not been able to reproduce
these results using similar experimental methods [17,18].
While the cellular basis for improved cardiac function is
still unknown, recent studies suggest that any therapeutic
value may involve mechanisms that prevent ventricular
dilation, increase myocardial wall thickness (resulting in
improved cardiac output) and promote neo-angiogenesis
at the site of injury.

We did not see any evidence in our study of cellular differ-
entiation nor of fusion with existing constituents at 12
weeks. Rather, we witnessed the relatively rapid clearance
of cells from the injection sites with a half-life of about 5
days, suggesting that these marrow-derived cells could
only produce benefit through a transient paracrine effect
that persisted beyond their clearance. The rapid loss of
cells from injection sites has previously been described for
other target tissues, such as skeletal muscle [70], and cell
types such as cardioblasts [71], and is unlikely to be a con-
sequence of radiation effects. However, Tran claimed no
loss of cells from either infarct or normal myocardium
from 2 hrs to 7 days after injection in a rat infarct model
[72].

Also, Tran et al recently assessed in a rat model the useful-
ness of dual-isotope Tc-MIBI perfusion and Indium-oxine
cell labeling imaging to gauge the pattern of infarct evolu-
tion [37]. They found no significant shrinkage in the size
of the perfusion defect between the day of infarction and
1 month, in marked contradistinction to our CMR find-
ings. We used CMR because of its superb spatial resolu-
tion [73-77] and it would appear to be a more reliable way
of assessing infarct evolution than nuclear medicine-
based measures of myocardial perfusion. These depend
on sequestration of the perfusion tracer by metabolically
intact cells. Our CMR findings in the control animals are
consistent with those of Fieno et al who found that
between 3 days to 4–8 weeks following infarction, there
was a reduction in the extent of CMR signal enhancement
to 24 +/- 3% of the original values [78], or in effect, a 76%
reduction in scar size. Our study demonstrated a progres-
sive reduction in infarct size of 75% in the control group
at 12 weeks. Studies that look at a single time point, at sac-
rifice for example, may not appreciate the evolutionary
changes that have occurred, and may potentially detect no
differences in infarct size reduction with treatment if they
have vastly different baseline.

Conclusion
The present study showed minimal effects of cell therapy
on left ventricular remodelling indices, with no substan-
tive changes in regional function (using a relatively crude
measure) with only a trend towards increased capillary
density. However, this study does indicate that the com-

bined use of non-invasive imaging modalities will allow
the accurate assessment of this treatment through correla-
tion of the evidence of engraftment, and retention, with
indices of infarct size reduction and remodelling. Future
studies, administering cells at different time points after
infarction, should also include a means of quantitatively
establishing the number of engrafted cells by calibrating
the Indium images, and the concurrent assessment of the
extent of perfusion abnormality and scar using CMR.
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