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a b s t r a c t

To date, clinical success of cardiac cell-therapies remains limited. To enhance the cardioreparative
properties of stem cells, the concept of lineage-specification through cardiopoietic-guidance has been
recently suggested. However, so far, only results from murine studies and from a clinical pilot-trial in
chronic heart-failure (CHF) are available, while systematic evidence of its therapeutic-efficacy is still
lacking. Importantly, also no data from large animals or for other indications are available. Therefore, we
here investigate the therapeutic-efficacy of human cardiopoietic stem cells in the treatment of post-
infarction LV-dysfunction using a translational pig-model. Using growth-factor priming, lineage-
specification of human bone-marrow derived MSCs was achieved to generate cardiopoietic stem cells
according to GMP-compliant protocols. Thereafter, pigs with post-infarction LV-dysfunction (sub-acute
phase;1-month) were randomized to either receive transcatheter NOGA 3D electromechanical-mapping
guided intramyocardial transplantation of cardiopoietic cells or saline (control). After 30days, cardiac
MRI (cMRI) was performed for functional evaluation and in-vivo cell-tracking. This approach was
coupled with a comprehensive post-mortem cell-fate and mode-of-repair analysis. Cardiopoietic cell
therapy was safe and ejection-fraction was significantly higher when compared to controls (p ¼ 0.012). It
further prevented maladaptive LV-remodeling and revealed a significantly lower relative and total
infarct-size (p ¼ 0.043 and p ¼ 0.012). As in-vivo tracking and post-mortem analysis displayed only
limited intramyocardial cardiopoietic cell-integration, the significant induction of neo-angiogenesis
(~40% higher; p ¼ 0.003) and recruitment of endogenous progenitors (~2.5x higher; p ¼ 0.008) to the
infarct border-zone appeared to be the major modes-of-repair. This is the first report using a pre-clinical
large animal-model to demonstrate the safety and efficacy of cardiopoietic stem cells for the treatment of
post-infarction LV-dysfunction to prevent negative LV-remodeling and subsequent CHF. It further
edicine, University of Zurich
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Abbreviation

MSCs Mesenchymal stem cells
LV Left-ventricle
MI Myocardial-infarction
CHF Chronic Heart-failure
cMRI Cardiac magnetic-resonance im
GMP Good Manufacturing Practice
SOP Standard operating procedures
EF Ejection-fraction
CO Cardiac-output
SV Stroke-volume
EDV End-diastolic volume
ESV End-systolic volume
LVMV Left-ventricular mass volume
MPIO Micron-sized iron-oxide partic
vWF von Willebrand factor
NOGA 3D electromechanical mapping

intramyocardial stem cell deliv
provides insight into post-delivery cardiopoietic cell-fate and suggests the mechanisms of cardiopoietic
cell-induced cardiac-repair. The adoption of GMP-/GLP-compliant methodologies may accelerate the
translation into a phase-I clinical-trial in patients with post-ischemic LV-dysfunction broadening the
current indication of this interesting cell-type.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Stem cell therapy has been repeatedly proposed as a promising
strategy to treat myocardial-infarction (MI) and chronic heart-
failure (CHF) [1e3]. Based on numerous promising preclinical
studies [4e6], the feasibility and safety of cell-therapies were
confirmed in clinical pilot-trials [7e11]. However, with regards to
efficacy, the currently available data display only heterogeneous
outcomes and limited improvement of cardiac-performance
[1,2,12,13]. Importantly, most of these initial trials have employed
unselected, first-generation cell-types with limited cardiorepar-
ative properties. An additional element that further complicates the
assessment of cell-therapies is the heterogeneity in the design of
preclinical studies (i.e. methodologies and endpoints) and in-
consistencies between pre-clinical and clinical study approaches
[14]. Moreover, randomization, blinding, and Good Manufacturing
Practice (GMP)/Good Laboratory Practice (GLP) compliant meth-
odologies are infrequently used. Finally, the selection of a single
primary outcome, while important for statistical considerations,
limits the appreciation of the multi-faceted nature of heart disease
and its therapy [14,15]. Therefore, there is a need for a paradigm
shift to develop standardized next-generation cell therapy pro-
tocols for targeted heart-repair [1].

As one example, to enhance the therapeutic-efficacy of current
cell-therapy strategies, the concept of cell lineage-specification
through cardiopoietic-guidance has been reported [16e18].
Following small-animal studies [19], mesenchymal stem cells
primed for cardiopoiesis (cardiopoietic stem cells) were shown to
be safe in humans [7] (C-CURE trial; NCT00810238) and are
currently being tested for efficacy in the larger CHART-1 trial
(NCT01768702) enrolling 240 patients with CHF. However, while all
previous applications of this strategy have focused primarily on
CHF, little is known about its regenerative potential in the
treatment of left ventricle (LV)-dysfunction in the sub-acute phase
after MI to prevent negative LV remodeling and subsequent
development of CHF. Moreover, to date, no preclinical large-animal
data of this next-generation cell-therapy concept do exist.

Therefore, in this translational study, we investigated the safety
and efficacy of cardiopoietic stem cells in the treatment of post-MI
LV-dysfunction. We hypothesized that if administered in the sub-
acute phase after MI, cardiopoietic cell therapy may preserve
cardiac-performance, and thus prevent the potential progression
from post-MI LV-dysfunction to negative LV remodeling and sub-
sequent CHF. Importantly, we employed a fully translational pipe-
line including i) the choice of a relevant large-animal model; ii)
GMP-compliant cell-handling; iii) transcatheter 3D-NOGA-assis-
ted transcatheter intramyocardial delivery; iv) clinical-grade
randomization, blinding, and endpoint-assessments; v) and state-
of-the-art cMRI-based cell-tracking methods linked to a compre-
hensive post-mortem cardiopoietic cell-fate evaluation.

2. Materials & methods

For detailed and extended methods please see Supplementary
file.

2.1. Production of GMP-grade human cardiopoietic stem cells

Production of human cardiopoietic stem cells was performed as
previously described [7,19] using GMP protocols and standard-
operation procedures (SOPs). After written informed consent and
ethics approval bone marrow was aspirated from hip of six chronic
heart-failure patients aged from 36 to 72 years to produce the cells
(see Supplementary file for patient characteristics).

2.2. Quality-control, release-criteria, angiogenic potential and cell-
labeling

A quality-control was carried out under SOPs to ensure purity,
identity and homogeneity and sterility. To test the angiogenic po-
tential of cardiopoietic stem cells CellPlayer™ Angiogenesis 96-
well PrimeKit (Essen Bioscience Ltd, United Kingdom) were used
to monitor the angiogenic potential of cardiopoietic stem cells on
in-vitro endothelial tube-formation using conditioned medium.
Next, for in-vivo and post-mortem cell tracking purpose, car-
diopoietic stem cells for four animals (n ¼ 4) were labeled with
super-paramagnetic microspheres, co-labeled with Dragongreen
fluorochromes (MPIOs; Bangs Laboratories; USA) allowing for
additional post-mortem analysis (i.e. flow-cytometry and immu-
nohistochemistry, (IHC)). In addition, cells underwent labelingwith
CellTracker CM-DiI (Invitrogen; Switzerland).

2.3. Translational post-infarction LV dysfunction pig model

Twenty-two adult landrace pigs underwent induction of MI at
day0 (two pigs died peri-procedural) using a standardized “closed-
chest occlusion-reperfusion protocol” as previously described
[20e22]. At day3 post-MI all surviving animals (n ¼ 20) underwent
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baseline cMRI for functional-analysis and late-enhancement
assessment. One month later (day30; sub-acute phase) all ani-
mals (n ¼ 20) underwent control-angiography to evaluate left
anterior descending artery (LAD) patency and LV hemodynamic-
parameters. Thereafter, animals were randomized and either
received NOGA 3D electromechanical-mapping guided intra-
myocardial transplantation (Biologics Delivery Systems, Biosense
Webster, Irvindale, USA) of 5 � 107 human cardiopoietic stem cells
with a total of 8e12 injections (300 ml/per injection; Group A;
n ¼ 10) or the same amount of saline (control; Group B; n ¼ 10) All
animals underwent a 30-day follow-up (day60) with cMRI, LV-
angiography and 3D-NOGA mapping prior to post-mortem anal-
ysis (Fig. 1, Study flow-chart). All procedures were approved by an
Institutional Ethics Committee (University of Kaposvar) and in
compliance with the ARRIVE guidelines.

2.3.1. Randomization, blinding and NOGA 3D electromechanical-
mapping guided intramyocardial stem cell delivery

Animals were randomized at day30 before treatment and were
blinded to the operators. Cardiac MRI data-analysis was performed
with the treatment-arms completely unknown to the investigator.

To deliver into the infarction border-zone of the animals the
NOGA 3D electromechanical-mapping guided transcatheter-
system was used as previously described [20,22,23].

2.4. Immunosuppression

Adapted from previous protocols [20,24] an
immunosuppression-regime with Cyclosporine A (Novartis Phar-
maceuticals, New Jersey, USA) was administered starting 3days
before cell/saline injection in all animals with a loading-dose of
10 mg/kg daily which was then continued with a dose of 5 mg/kg
daily until the study-end.

2.5. Cardiac MRI

Cardiac MRI (cMRI) was performed to evaluate functional and
structural/infarct parameters at day3 post myocardial-infarction
Fig. 1. Study flow-chart (A) and randomized transcatheter electr
(baseline) and at day60 (30days post-transplantation). In four an-
imals which received MPIOþ/CM-Dilþ cardiopoietic stem cells cell-
tracking analysis was performed. Two animals underwent addi-
tional imaging-sessions at the same day (12 h) and day8 post-
injection for further longitudinal-analysis.

2.6. Gross-examination and histopathological-analysis

The hearts and tissue-samples from the lungs, liver, spleen,
kidneys and bone-marrow were explanted for comprehensive
post-mortem analysis to characterize the lesion-morphology (ne-
crosis, fibrosis), the degree of inflammation and immune-response.

2.7. Assessment of cardiopoietic cell-fate

To assess intramyocardial integration and cardiopoietic cell fate,
a multimodal post-mortem evaluation-strategy was performed
(animals treated with MPIOþ/CM-Dilþ cardiopoietic cells; n ¼ 4)
and linked to the MRI-guided MPIO-enabled in-vivo analysis
(please see Supplementary results for further details).

2.7.1. Flow-cytometry
Defined tissue-samples of approximately 20 � 20 mm from the

area of injection were processed for flow-cytometry. Additionally,
samples from bone-marrow, kidneys, liver, lung, and spleen were
processed.

2.7.2. PCR analysis
Qualitative and quantitative PCR of representative tissue-

samples were performed either targeting human-specific b2-
microglobulin or Alu-sequence using standard techniques.

2.7.3. Immunohistochemistry
Immunohistochemistry of paraffin-embedded cardiac tissue-

sections was performed in the following manner: fluorescence-
imaging was performed detecting the injected cells by targeting
the fluorochrome-labeled part of the MPIOs and counterstained
with DAPI (Invitrogen, Switzerland). To assess the intramyocardial
omechanical mapping guided NOGA stem cell injection (B).



Fig. 2. Cardiopoietic stem cell therapy improves cardiac-performance. While both groups were comparable at baseline cMRI (day3 post-infarction), the EF of treated animals was
significantly higher at follow-up (day60) (A and B)with a substantial relative EF-increase after cardiopoietic stem cell therapy, while controls showed a relative decrease (C). Treated
animals displayed a significantly increased SV and CO while controls did not (DeI). End-diastolic (J,L,N and P) and end-systolic (K,M,O and Q) short-axis images out of which the EF
was determined by the ratio of end-diastolic to end-systolic volumes (red outline-segments) were acquired using standard SSFP cine-MRI techniques at baseline (day3) and follow-
up (day60). While the EF deteriorated in controls (JeM), it improved after cardiopoietic stem cell therapy during follow-up (NeQ). *p < 0.05 vs. control; **p < 0.01 vs. control;
yp < 0.05 follow-up vs. baseline control; §p < 0.05 follow-up vs. baseline treated (see Tables S2/S3). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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integration of human cardiopoietic cells, analysis for human-
specific MHC-1 (1:500; Epitomics, USA). To verify the
mesenchymal-origin of the detected cells a CD105 (1:100; Dako,
Switzerland) staining was performed. To determine a potential
further differentiation into a cardiac cell-like phenotype, an a-
actinin (1:500; Sigma Aldrich, Switzerland) staining was done.

2.8. Blood analysis

All animals underwent blood chemistry analysis including
Troponin-T, CK, AST, myoglobin and LDH and blood-gas analysis at
baseline before MI, post MI, day3 post MI, day30 before and after
intramyocardial cell-delivery and at day60 (follow-up).

2.9. Assessment of angiogenesis and endogenous stem cell
attraction

Neo-angiogenic effects and endogenous stem cell attraction
were assessed by staining for CD31 (1:200, Dako, Switzerland; Leica
BondMax; Detection kit: HRP, Leica Microsystems Newcastle), von
Willebrand factor (vWf) (1:100, Dako, Switzerland; DAKO Autos-
tainer; Detection kit: DAKO REAL™) and C-Kit (1:400, Dako,
Switzerland; Discovery Ventana XT; Detection kit: OMNIMAP) was
performed from tissue-sections of the infarct-zone (IZ), the infarct
border-zone (BZ) and the healthy zone (HZ).

2.10. Development of an outcome-index to quantify the
therapeutic-effect of cardiopoietic stem cell therapy

A fundamental challenge in assessing the safety and efficacy of
cell-based therapies is defining aggregated metrics that provide a
quantitative and standardized measure of the multi-modal thera-
peutic-outcome. To address this, we developed an outcome-score,
IMPACCT (Integrated Multimodal Potency Analysis of Cardiac Cell
Therapy), that integrates 24 experimentally-measured parameters
representing five categories of measurements for: cardiac-
performance, infarction, structural changes, safety and mode-of-
repair (please see Supplementary results for further details).

2.11. Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics,
(v22; IBM Corp., Armonk, USA). Quantitative data are presented as
mean ± SEM and significance was considered for p < 0.05.

3. Results

3.1. Generation and transplantation of GMP-grade human
cardiopoietic stem cells

The manufacturing of cardiopoietic stem cells consisted of cell
isolation, expansion, lineage-specification, quality-control (see
Supplementary file for details) and labeling (Fig. S1). All steps were
successfully completed in 4e6weeks according to pre-defined SOPs
and GMP.

After the successful induction of the cardiopoietic program
Fig. 3. Cardiopoietic stem cell therapy prevents infarct-growth and reduces infarct-tra
showed significantly lower relative (relative% to LVMV) and absolute infarct-sizes at follow-u
size in control animals at follow-up, while it remained unchanged after therapy indicating ef
after cardiopoietic stem cell therapy (GeI). Representative cMRI infarct-segmentation (J-M
treatment (L and M), but not in the control (J and K) at FU (day 60). Representative longi
decrease of infarct-transmurality after cardiopoietic stem cell therapy (NeP) along with a
control; **p < 0.01 vs. control; yp < 0.05 follow-up vs. baseline control; §p < 0.05 follow-up
interpretation of the references to color in this figure legend, the reader is referred to the
(Figs. S2AeC), homogeneity was ensured by the expression of the
predefined surface-marker profile comprising of positivity for CD90
and CD105 and negativity of CD34 and CD45 (Fig. S2D). Next,
angiogenic-capacity was demonstrated by using an in-vitro endo-
thelial tube-formation assay. Conditioned media from exemplary
cardiopoietic cell batches displayed a high and homogenous
angiogenic capacity ranging from 40.5% to 66.9% relatively to VEGF
(control agent) (Figs. S2EeG). Finally, after purity and sterility were
confirmed to pre-set release-criteria (data not shown), car-
diopoietic stem cells underwent co-labeling with MPIOs and CM-
Dil to facilitate cMRI guided in-vivo and post-mortem cell-
tracking (Figs. S2HeK).

Thereafter, random transcatheter, NOGA 3D electromechanical-
mapping guided intramyocardial transplantation of either car-
diopoietic cells or saline (control) was successfully carried out in
pigs with post-MI LV-dysfunction (n ¼ 20; sub-acute phase; 1-
month). While two animals died (one/group) after the procedure
during follow-up due to non-procedural related heart-failure
symptoms, all remaining animals (n ¼ 18) successfully completed
the planned 30-day follow-up without any adverse-events
(Figs. S3A-Q and Table S1). Together, these results confirmed that
bone-marrow derived mesenchymal stem cells could be primed for
cardiopoiesis using GMP-compliant methodologies and injected in
a large-animal heart using state-of-the-art, clinically-relevant,
transcatheter techniques.

3.2. Cardiopoietic cell therapy improved cardiac-function and
attenuated negative LV-remodeling

The effect of cardiopoietic cell therapy on cardiac-function and
maladaptive LV-remodeling was assessed by longitudinal cardiac
MRI (cMRI) at day3 (baseline) and 30 days post-transplantation, at
day60 (follow-up).

While both groups were comparable at baseline (day3), the
ejection-fraction (EF) of treated animals was significantly higher at
day60 (39.2% ± 1.9% vs. 29.5% ± 2.6%; p ¼ 0.012) showing a relative
EF-increase (relative change to baseline) of 14.0% ± 7.8%, whereas
the controls exhibited a relative decrease of �21.5% ± 5.3%
(p ¼ 0.002) (Fig. 2AeC and JeQ; Table S2 and S3). Next, treated
animals also displayed a significant increase in stroke-volume
(from 21 ml ± 2 ml to 34 ml ± 4 ml; p ¼ 0.008) and cardiac-
output (from 1.7 l/min ± 0.2 l/min to 3.8 l/min ± 0.5 l/min;
p ¼ 0.008), with a relative change of 72.5% ± 23.5% vs. 5.6% ± 11.8%
(p ¼ 0.015) and 147.7% ± 51.7% vs. 27.1% ± 18.3% (p ¼ 0.047)
(Fig. 2DeI; Table S2 and S3).

The evaluation of LV-dimensions in regard to maladaptive LV-
remodeling revealed overall better outcomes after cardiopoietic
cell therapy (Fig. S4A-O). Unadjusted EDV and ESV were lower
(EDV: 87 ml ± 8 ml vs. 105 ml ± 13 ml; p ¼ 0.44 and ESV:
53 ml ± 5 ml vs. 75 ml ± 11 ml; p ¼ 0.10) and after adjustment for
the increase of total left-ventricular volume (LVMV) (due to animal-
growth during follow-up), this effect was more pronounced. In
particular the ESV/LVMV ratio was significantly lower (0.56 ± 0.04
vs. 0.74 ± 0.07; p ¼ 0.027) (Fig. S4A-L; Table S2) suggesting a
reduction in negative LV-remodeling and increased contractility.

These findings indicated that cardiopoietic cells injected shortly
nsmurality. While both groups were comparable at baseline (day3), treated animals
p (day60) (AeC). Intra-group-analysis showed a significant increase of absolute infarct-
fective mitigation of infarct-growth (D and E). Global infarct-transmurality was reduced
) semi-automatic delineation of MI (yellow) illustrates a reduced scar-volume after
tudinal late-enhancement analysis at 12 h, 8days and 30days displayed a continuous
n increasing myocardial-viability in the corresponding segments (QeS). *p < 0.05 vs.
vs. baseline treated; ‡p ¼ 0.10 vs. control; ¥p ¼ 0.07 vs. control (see Tables S4/S5). (For
web version of this article.)
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after MI may substantially improve cardiac-function and prevent
from maladaptive LV-remodeling, thereby ultimately reducing the
risk for the development of CHF.

3.3. Cardiopoietic cell therapy reduced infarct-size and
transmurality

We then determined the impact of cardiopoietic stem cells upon
structural and infarction parameters. Delayed-enhancement cMRI
was used to analyze changes in absolute infarct-size and relative
infarct-size as a percentage of LV (relative% to LV-mass volume;
LVMV).

Baseline cMRI (day3) displayed a comparable relative infarct-
size (20.4% ± 1.7% vs. 20.7% ± 1.4%; p ¼ 0.97) and absolute
infarct-size (12.3 ml ± 1.2 ml vs. 13.4 ml ± 1.2 ml; p ¼ 0.40) con-
firming a uniform extent of MI between groups (Fig. 3AeI; Table S4
and S5). In contrast, at follow-up (day60) and despite comparable
Fig. 4. Cardiac MRI based segmental-analysis and NOGA 3D electromechanical-mappin
analysis of infarct-transmurality and contraction-velocity demonstrated beneficial-effects
mid-anteroseptal segments corresponding with the injection-sites (A and B;blue hues, blac
3D electromechanical-mapping analysis showed that the infarct-area (red hues; low unipola
up (day60) infarct-area increased in control (IeL), while it decreased after therapy (CeJ). 3D-
stem cell delivery. Color-coded 3D-images (C,E,G and I)were converted into a 2D polar-map
Yellow ¼ border-zone of infarction (injection-area); Blue/Purple ¼ normal viable myocardium. (F
the web version of this article.)
LVMV-increase (due to animal-growth), treated animals displayed
significantly lower relative (14.1% ± 2.3% vs. 20.4% ± 1.4%;
p ¼ 0.043) and absolute infarct-sizes (12.2 ml ± 1.9 ml vs.
18.6 ml ± 1.1 ml; p ¼ 0.012) (Fig. 3AeI). Longitudinal intra-group
analysis revealed a ~30% reduction in relative infarct-size
(p ¼ 0.038), that remained unchanged in controls (p ¼ 0.89)
(Table S5). In line with that, absolute infarct-size significantly
increased in the controls (p ¼ 0.012), but not after treatment
(p ¼ 0.95) suggesting effective prevention from infarct-growth
(Fig. 3AeI; Table S5).

We further performed a detailed investigation on structural-
parameters including global and segmental transmurality. Treated
animals displayed a reduced global and segmental infarct-
transmurality (Fig. 3JeS; Table S4 and S5) with the largest effect
seen in the mid-anterior and mid-anteroseptal segments corre-
sponding to the injection-sites (Fig. 4A; Table S6). Additionally,
segmental-analysis for contraction-velocity, wall-thickness, and
g assessment after cardiopoietic stem cell therapy. Representative cMRI segmental-
after cardiopoietic stem cell therapy with the largest effect in the mid-anterior and
k arrows), while no effect or deterioration was seen in controls. Representative NOGA
r-voltage (mV)) was comparable at transplantation (day30) (CeJ). In contrast, at follow-
views of LV derived by NOGA-mapping and NOGA-guided intramyocardial cardiopoietic
(bull-eye view; D,F,H and J). Color-codes: Red ¼ non-viable infarcted myocardium; Green/
or interpretation of the references to color in this figure legend, the reader is referred to
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wall-thickening (ES-ED) demonstrated further beneficial effects
after treatment (Fig. 4B; Table S6-S9).

Furthermore, in some animals the beneficial cMRI findings
could also be further correlated to the NOGA 3D electromechanical-
mapping follow-up analysis at day60. While the non-electrically
conductive infarct-area increased in the controls (measured by a
decreased unipolar-voltage), it appeared to remain stable or
decrease after treatment (Fig. 4CeJ). Taken together, these results
revealed a comprehensive therapeutic-efficacy on infarct-size,
infarct-transmurality and other structural parameters after car-
diopoietic cell therapy.

3.4. Assessment of intramyocardial retention and cardiopoietic cell-
fate after transcatheter delivery

Low retention-rate and the understanding of post-injection cell-
fate is, at present, a limiting factor in cell therapy. Therefore, we
performed a comprehensive assessment of intramyocardial reten-
tion and fate of cardiopoietic cells post-delivery. Specifically, we
first utilized cMRI to track cardiopoietic cells co-labeled with MPIO
particles and CM-Dil and then linked and expanded these findings
to a comprehensive post-mortem analysis.

In all animals (that had received MPIOþ/CM-Dilþ cardiopoietic
stem cells, n ¼ 4), cMRI detected signals of MPIOþ cardiopoietic
cells in the infarct border-zone of the LV anterior- and septal-wall
(Fig. 5AeI) corresponding with the initial transplantation-sites
(region of highest cardiopoietic cell-density) (Fig. 5JeN). Interest-
ingly, further analysis showed that the treatment-effect (reduction
of infarct-transmurality) overlapped with the transplantation-sites
suggesting both; the efficacy of therapy and the accuracy of the
NOGA 3D electromechanical-mapping guided intramyocardial de-
livery (Fig. 5OeQ).

However, the use of MPIOs to track stem cells on cMRI has been
reported to be difficult due to potential phagocytosis of the trans-
planted cells by macrophages. Therefore, we sought to further link
the in-vivo cMRI findings to a multi-modal post-mortem analysis
comprising of flow-cytometry, PCR and immunohistochemistry of
representative myocardial-samples taken from the infarct border-
zone (injection-sites).

First, cells isolated frommyocardial-samples of animals that had
received labeled cardiopoietic stem cells (n ¼ 4) underwent flow-
cytometry targeting the intracellular MPIOs and CM-Dil. In three
animals (75%), few MPIOþ/CM-Dilþ double-positive cardiopoietic
cells could be detected (Fig. 6A). Next, qualitative and quantitative
PCR of tissue-samples from the same animals targeting human-
specific b2-microglobulin and Alu-sequence was performed to
further assess intramyocardial integration. Indeed, also in three
animals (75%) human cardiopoietic cells were detected (Fig. 6A).

Finally, we then further assessed the fate of the few intra-
myocardially retained cardiopoietic cells using phase-contrast and
fluorescence microscopy and immunohistochemistry (Fig. 6BeI
and S5A-L). Their intramyocardial presence was verified by double
positivity for the Dragongreen fluorochrome-part of the intracel-
lular MPIOs (Fig. 6BeG) and human-specific MHC-1 (Fig. 6HeI and
S5J). The cells appeared to be heterogeneously distributed in the
infarction border-zone and were detectable in the proximity of the
myocardial vascular-system and in the interstitial-spaces. The
detected cells appeared to be viable and integrated. Their further
characterization showed positive staining for human-specific
CD105 confirming their mesenchymal stem-cell origin and, inter-
estingly, few of them also stained positive for a-actinin occasionally
(Fig. S5K-L).

Taken together, the in-vivo cell-tracking and post-mortem fate-
analysis demonstrated that the amount of intramyocardially inte-
grated cardiopoietic cells appeared to be rather low after 30days
suggesting other modes-of-repair to explain the observed thera-
peutic benefits. Cardiac MRI appeared to be a more robust global
detection method as other techniques were exquisitely sensitivity
to the specific anatomical location from which the samples were
obtained. This is also possibly indicative of limited and heteroge-
neous retention and bio-distribution that could be further
confirmed by flow-cytometry and PCR-analysis detecting car-
diopoietic cells within the lungs, liver, spleen and kidneys, but not
into the bone-marrow (data not shown).
3.5. Cardiopioetic cell therapy induced significant neo-angiogenesis
and attracts endogenous progenitors

To further identify potential modes of cardiopoietic cell-induced
cardiac-repair, myocardial-samples were further analyzed for po-
tential neo-angiogenesis and endogenous stem cell attraction.
Consistent with significant cardiopoietic stem cell-induced neo-
angiogenesis, immunohistochemical analysis revealed a signifi-
cantly increased density of vWfþ vessels in the infarct border-zone
(BZ) (176 ± 7/mm2 vs. 123 ± 4/mm2; p ¼ 0.003), but not in the
healthy or infarct zone (HZ and IZ, respectively) (Fig. 7AeI), Inter-
estingly, significantly higher frequencies (up to 2.5-fold) of C-kitþ

endogenous progenitor cells were found in the BZ (62.3 ± 4.5/mm2

vs. 25.2 ± 3.3/mm2; p ¼ 0.008) (Fig. 7JeL) suggesting the activation
of an intrinsic repair-response after treatment.

Indeed, these findings supported the notion that even in the
presence of limited intramyocardial retention, paracrine modes-of-
repair such as neo-angiogenesis and endogenous stem cell
recruitment appeared to be the main contributors to the observed
therapeutic-effects after cardiopoietic cell therapy.
3.6. Intramyocardial cardiopoietic stem cell therapy demonstrates a
good safety profile

Next, we sought to evaluate the safety-profile of cardiopoietic
cell therapy in more detail. Longitudinal cardiac-biomarker blood
analysis for Troponin-T, CK, AST, myoglobin and LDH and blood-gas
analysis was comparable indicating treatment safety (Fig. S6A-E
and Table S10).

Macroscopically, the explanted hearts of all animals appeared
comparable and displayed typical structural characteristics of post
re-perfusion necrosis. Transmural-infarctions and significant left-
ventricular wall-thinning along with extensive fibrotic scar-
formation could be detected in both groups (Fig. 8AeE). Two ani-
mals presented with an LV-aneurysm formation in the infarct-area
and few animals displayed pericardial adhesions.

We further performed histological analysis of the hearts.
Microscopically, both groups were comparable and the infarcted-
regions appeared as local-extensive fibro-vascular tissue admixed
with inflammatory cells. The endocardium was moderately thick-
ened due to fibrosis and most of the animals displayed a low/
moderate degree of chronic inflammation consisting primarily of
lymphocytes, some plasma cells and macrophages or seldom giant
cells (seldom granuloma-formation). In addition, in few animals of
both groups, also small random foci of calcification within the scar
were observed, in line with the typical appearance of a chronic MI.
Next, few localized lymphocyte aggregations (follicle-formation)
were observed in both groups. These follicles consisted out of
mostly centrally located B-cell (CD20) and randomly distributed T-
cells (CD3) being consistent with a classical post MI chronic
inflammation and only a limited immune response and/or rejection
of the injected cells after 30 days. Importantly, none of the cell-
treated hearts displayed any ectopic tissue- or tumor-formation
(Figs. S7AeK).
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3.7. IMPACCT outcome-index quantified therapeutic-effect of
cardiopoietic cell therapy

In order to quantify the observed therapeutic effects of car-
diopoietic stem cells, as a final step, we devised a systematic
outcome-score, IMPACCT, that integrates 24 experimentally-
measured parameters representing cardiac-performance, infarc-
tion, structural changes, safety and mode-of-repair (Fig. S8 and
Table S11-S15). After cardiopoietic cell therapy, for all five cate-
gories a positive effect was detected when compared to the con-
trols: The cardiac-performance index-scores as well as infarction
and structural parameters demonstrated a substantial therapeutic-
effect. Furthermore, our score indicated a sufficient safety-profile
for cardiopoietic stem cells, as judged from cardiac-biomarker
serum-levels. Finally, index-scores for parameters targeting
modes-of-repair indicated significant therapeutic-effects after car-
diopoietic cell therapy (Fig. S8A). To provide an overall assessment,
we further computed composite-scores for each sub-index by
taking the mean absolute deviation between the baseline and
follow-up scores for each parameter, as well as, for all of the
parameter-values combined (Fig. S8B).

For the total composite-index score, we calculated un-weighted
index-scores, wherein each sub-index score counted equally in the
calculation of the total composite IMPACCT-score. Additionally, we
also calculated weighted, clinically-oriented index-scores wherein
the infarct-size and heart-function sub-indices were assigned
greater weight (x3) to take into consideration their greater pre-
dictive clinical-importance (Fig. S8B). Importantly, all sub-indexes
as well as the un-weighted (33.8/100) and weighted (49.5/100)
composite IMPACCT-scores indicated a substantial therapeutic-
effect after cardiopoietic cell therapy (Fig. S8B).

4. Discussion

4.1. Cardiopoietic cell therapy shows safety and efficacy in post-
ischemic LV-dysfunction

Cardiac cell represents a promising therapeutic-strategy to
repair the failing heart [1e3]. However, although the major part of
the available preclinical studies have shown promising results,
early clinical-trials have primarily demonstrated heterogeneous
outcomes and rather limited efficacy [1,12] highlighting the need
for improved, next-generation concepts [1].

As one strategy, the concept of cell lineage-specification through
cardiopoietic-guidance has been introduced to enhance the car-
dioreparative properties of stem cells [16e18] and quickly moved
from mice studies to human trials in the setting CHF [7,19]. How-
ever, to date, systematic evidence for its therapeutic-efficacy has
yet to be reported, no translational, large-animal data are available,
and importantly, little is known about its potential for other clinical
indications than CHF.

Therefore, we here provide first clinically-relevant safety and
efficacy data of intramyocaridal cardiopoietic stem cell therapy in
the treatment of post-ischemic LV-dysfunction. Using a trans-
lational pig-model, our data demonstrate the therapeutic potential
Fig. 5. Cardiac MRI guided in-vivo monitoring of cardiopoietic stem cells displays the rel
effect. In-vivo monitoring of labeled cardiopoietic stem cells was performed using MPIO
representative animal show clusters of cardiopoietic stem cells in the MI border-zone appear
and 30days (GeI) post-delivery. Importantly, the highest cell-density (transplantation-site
reduction of infarct-transmurality at follow-up (30days post-injection) (L-N; white arrows)
hue: reduction of infarct-transmurality) is exactly overlapping with the highest cell-density s
of NOGA guided intramyocardial-delivery (O-Q; black arrows). (For interpretation of the re
article.)
of cardiopoietic stem cells to preserve cardiac-performance, to limit
maladaptive LV-remodeling and to prevent infarct-growth when
injected in the subacute phase post-MI. Next, cardiopoietic cell
therapy resulted in increased myocardial neo-angiogenesis and
activation of endogenous repair mechanisms. Additionally, it
showed a good safety-profile in the absence of increased bio-
markers for cardiac-events, tumor or ectopic tissue-formation. This
raises the intriguing possibility that these cells may efficiently
protect against, or at least delay the progression from reversible LV-
dysfunction to negative LV-remodeling and subsequent CHF.

4.2. Tracking-analysis determines cardiopoietic cell-fate and
suggests potential cardiopoietic cell-induced paracrine repair-
modes

Our multimodal in-vivo and post-mortem cell-tracking analysis
provided interesting insight into post-delivery cardiopoietic cell-
fate and identified potential cardiopoietic cell-induced modes-of-
repair.

First, utilizing MPIO-enabled, cMRI guided cell-tracking strate-
gies, our data show that the cMRI-based location of the trans-
planted cells corresponded to the NOGA-guided transplantation-
sites. Importantly and in line with previous reports [25], the
injection-sites could also be linked to the observed treatment-
effects such as decreased infarct-size and transmurality.

Next, to further determine cardiopoietic cell-fate and to explain
the observed functional effects, we linked our in-vivo cMRI findings
to a comprehensive post-mortem analysis. Interestingly, flow-
cytometry, PCR analysis and immunohistochemistry showed that
only few cardiopoietic cells had integrated into the myocardium,
while the major fraction of injected cells appeared to have homed
in other organs [19]. This is an important finding as our data suggest
that the observed beneficial effects of cardiopoietic cell treatment
seem not to be attributed to intramyocardial engraftment, but
instead, appear to be primarily driven by paracrine mechanisms.

The principal capacity of naïve bone-marrow MSCs to induce
neo-angiogenesis is well established, but has also been reported to
heterogeneous and to vary between patients [1,8,13,19,26]. When
derived from CHF patients, naïve bone-marrow derived MSCs often
demonstrated latent plasticity with variable spontaneous capacity
to induce regeneration [1,8,13,19]. Therefore, the induction of car-
diopoiesis is intended to upgrade cardioreparative properties of
bone-marrow derivedMSCs and is promoted through replication of
natural cues decoded from endoderm-mediated cardiogenic guid-
ance of the mesoderm [17,19].

In this study, we detected two primary mechanisms of car-
diopoietic cell-induced paracrine-repair that is the significant in-
duction of neo-agiogenesis and the attraction C-Kitþ progenitors
into the infarcted myocardium.

First, the human GMP-grade cardiopoietic stem cells used in this
study demonstrated a high and homogenous potential for neo-
angiogenesis in-vitro and in-vivo. This was documented though
the tube-formation assay prior to transplantation and was then
further validated in-vivo by a significantly increased von Wille-
brand Factorþ vessel-density in the infarct border-zone post-
ation between transplantation-sites, infarction-zone and localization of treatment-
s for cMRI-guided tracking in four animals. 2D and 3D-reconstruction images of a
ing as dark regions (white arrows) of strong focal signal-loss at 12 h (AeC), 8days (DeF)
s) exactly corresponds with the infarction border-zone (J and K;asterix) leading to a
. Further optical-overlay confirms that the highest treatment-effect (black arrows/blue
trongly suggesting both; the efficacy of cardiopoietic stem cell therapy and the accuracy
ferences to color in this figure legend, the reader is referred to the web version of this



Fig. 6. Cardiopoietic stem cell tracking, fate analysis and post-mortem macroscopy. To assess intramyocardial integration and cardiopoietic stem cell fate, cMRI-guided MPIO-
enabled in-vivo cell tracking analysis (see also Fig. 5) was linked to a multimodal post-mortem evaluation including Flow-Cytometry and PCR. In all animals that had received
MPIOþ/CM-Dilþ cardiopoietic stem cells, cMRI analysis detected clusters of MPIOþ cardiopoietic stem cells intramyocardially (n ¼ 4, 100%). Next, both, flow-cytometry targeting the
Dragongreen fluorochrome-part of the intracellular MPIOs and/or CM-Dil and PCR targeting human-specific b2-microglobulin and/or Alu-sequence showed positivity in three
animals (75%) and confirmed intramyocardial integration of few cardiopoietic stem cells (A). In addition, further phase-contrast, fluorescence-analysis (BeG) and immunohisto-
chemistry (H and I) further verified intramyocardial integration by positive staining for the Dragongreen fluorochrome-part of the MPIOs (E-G and I inset; arrowheads) and
human-specific MHC-1 (H and I). Scale-bars: 50 um (BeG) and 10 um (H and I; insets).

M.Y. Emmert et al. / Biomaterials 122 (2017) 48e6258
treatment. Second, significant cardiopoietic stem cell-induced
attraction of endogenous C-Kitþ progenitors into the infarct
border-zone was detected, being consistent with previous reports
[27e29]. Taken together, our comprehensive cardiopoietic cell-fate
analysis provides valuable insight and a mechanistic basis to
explain the observed therapeutic-effect after treatment. This effect
can be proposed as an initial paracrine driven cardioprotection
(prevention from maladaptive LV-remodeling and subsequent
development of CHF), which is then followed by functional recov-
ery ultimately resulting in an improved overall cardiac-
performance.
4.3. Improving quality-standards of cell-based therapies towards
clinical-translation

While it is not unusual for promising preclinical studies to fail
the translation into the clinical-setting, in the case of cell therapy
we also noted a lack of sufficient comparability in the methodolo-
gies and evaluations utilized in preclinical and clinical studies. We
addressed this problem by adopting a fully translational pipeline in
our study, including GMP-grade cell manufacturing, the use of
clinical-grade methodologies (e.g. randomization, blinding and
standardized evaluation protocols) and the incorporation of a



Fig. 7. Cardiopioetic stem cell therapy induces neo-angiogenesis and attracts endogenous stem cells. Neo-angiogenesis was assessed 30days post-delivery by
immunohistochemical-analysis for CD31 (A) and vWF (BeI). vWFþ vessel-density in the infarct border-zone (BZ) was significantly higher in treated animals (CeI). Similarly, the
attraction of C-kitþ endogenous progenitors was significantly higher (up to 2.5-fold) in the BZ after cardiopoietic cell stem therapy (JeL). *p ¼ 0.003 vs. control; **p ¼ 0.008 vs.
control. Scale-bars: 10 mm.
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clinically-relevant animal-model. Additionally, to facilitate a
quantitative comparison between trials that can specifically
address the multi-faceted aspects of cardiac disease and -repair, we
also implemented a standardized therapeutic outcome-metric
(IMPACCT) that may offer an improved assessment of cardiac cell-
therapies. Both, our un-weighted and weighted clinically-oriented



Fig. 8. Gross examination of myocardium displays safety of cardiopoietic cell therapy. Post-mortem macroscopy displayed the typical structural-characteristics of post-
reperfusion necrosis and remodeling (AeE). Uniform anterior-septal transmural-infarctions along with left-ventricular wall-thinning and fibrotic scar-formation were detectable
in both groups (AeC) further confirmed by UV-imaging (D) and Van-Giemsa staining of a whole LV cross-section (E). HZ ¼ healthy zone, BZ ¼ infarct border-zone, IZ ¼ infarct zone.
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IMPACCT-scores substantiated the observed therapeutic-effect of
cardiopoietic cell therapy. Of note, the recently updated position
paper of the European Society of Cardiology (ESC) Working Group
Cellular Biology of the Heart [14] calls for standardized methodol-
ogies and quality control in order to ensure regenerative profi-
ciency in next-generation cardiac cell therapy concepts [30,31]. In
this context, analysis tools, such as IMPACCT, may be helpful to
better objectify sets of observations, quantitatively compare them
across various groups, and easily visualize quality information
related to stem cells [32] and their true potential to regenerate the
heart.
4.4. Limitations

There are several limitations in our study: First, using human
cells in our porcine model required immunosuppressive-therapy
which may potentially influence the outcome. However, an opti-
mized and cell-specific treatment-regime was applied to minimize
this problem. Nevertheless, an efficient dosage of our treatment-
regime was assumed as there was comparability between groups
with regards to the observed post-MI chronic inflammation and
immune-response. Second, the utilization of super-paramagnetic
agents (i.e. the used MPIOs) has been repeatedly argued as it is
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difficult to discriminate between vital target cells and phagocy-
tosing cells that may have incorporated the particles after cell-
death. Third, considering our multimodal cell-tracking approach
comprising Flow-Cytometry, PCR and IHC, the results on intra-
myocardial retention and bio-distributionmay be influenced by the
exact location (border-zone of MI) from which the analyzed
myocardial tissue-samples were obtained. Fourth, although our
proposed IMPACCT-score may be a valuable tool, further validation
ideally using large clinical-cohorts is needed. Finally, our findings
need to be further validated in long-term investigations.

5. Conclusions

This report demonstrates for the first time the efficacy and
safety of human cardiopoietic stem cells in the treatment of post-
infarction LV-dysfunction using a translational large animal-
model. When injected in the sub-acute phase of MI, cardiopoietic
cell therapy appears to provide a substantial cardioprotective effect,
followed by functional recovery ultimately preventing maladaptive
LV-remodeling and subsequent progression to CHF. The overall
intramyocardial integration of cardiopoietic cells appears to be
limited. Thus, the observed beneficial-effects seem to be primarily
driven by paracrinemechanisms including the significant induction
of neo-angiogenesis, and the attraction endogenous stem cells. The
usage of a rigorous preclinical trial-design and implementation of a
systematic quality-metric may contribute to a better objectification
of the observed therapeutic-effects. In view of the “translational
readiness”, our data may build the basis for further validation in a
phase-I clinical-trial targeting patients with post-ischemic LV-
dysfunction, thereby broadening the current CHF indication of this
interesting next-generation cell-type.
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