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Abstract
BACKGROUND
Numerous studies investigated cell-based therapies for myocardial infarction
(MI). The conflicting results of these studies have established the need for
developing innovative approaches for applying cell-based therapy for MI.
Experimental studies on animal models demonstrated the potential of fresh,
uncultured, unmodified, autologous adipose-derived regenerative cells (UA-
ADRCs) for treating acute MI. In contrast, studies on the treatment of chronic MI
(CMI; > 4 wk post-MI) with UA-ADRCs have not been published so far. Among
several methods for delivering cells to the myocardium, retrograde delivery into
a temporarily blocked coronary vein has recently been demonstrated as an
effective option.

AIM
To test the hypothesis that in experimentally-induced chronic myocardial
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infarction (CMI; > 4 wk post-MI) in pigs, retrograde delivery of fresh, uncultured,
unmodified, autologous adipose-derived regenerative cells (UA-ADRCs) into a
temporarily blocked coronary vein improves cardiac function and structure.

METHODS
The left anterior descending (LAD) coronary artery of pigs was blocked for 180
min at time point T0. Then, either 18 × 106 UA-ADRCs prepared at “point of care”
or saline as control were retrogradely delivered via an over-the-wire balloon
catheter placed in the temporarily blocked LAD vein 4 wk after T0 (T1). Effects of
cells or saline were assessed by cardiac magnetic resonance (CMR) imaging, late
gadolinium enhancement CMR imaging, and post mortem histologic analysis 10
wk after T0 (T2).

RESULTS
Unlike the delivery of saline, delivery of UA-ADRCs demonstrated statistically
significant improvements in cardiac function and structure at T2 compared to T1
(all values given as mean ± SE): Increased mean LVEF (UA-ADRCs group: 34.3%
± 2.9% at T1 vs 40.4 ± 2.6% at T2, P = 0.037; saline group: 37.8% ± 2.6% at T1 vs
36.2% ± 2.4% at T2, P > 0.999), increased mean cardiac output (UA-ADRCs group:
2.7 ± 0.2 L/min at T1 vs 3.8 ± 0.2 L/min at T2, P = 0.002; saline group: 3.4 ± 0.3
L/min at T1 vs 3.6 ± 0.3 L/min at T2, P = 0.798), increased mean mass of the left
ventricle (UA-ADRCs group: 55.3 ± 5.0 g at T1 vs 71.3 ± 4.5 g at T2, P < 0.001;
saline group: 63.2 ± 3.4 g at T1 vs 68.4 ± 4.0 g at T2, P = 0.321) and reduced mean
relative amount of scar volume of the left ventricular wall (UA-ADRCs group:
20.9% ± 2.3% at T1 vs 16.6% ± 1.2% at T2, P = 0.042; saline group: 17.6% ± 1.4% at
T1 vs 22.7% ± 1.8% at T2, P = 0.022).

CONCLUSION
Retrograde cell delivery of UA-ADRCs in a porcine model for the study of CMI
significantly improved myocardial function, increased myocardial mass and
reduced the formation of scar tissue.

Key words: Adipose tissue-derived regenerative cells; Chronic myocardial infarction;
Heart failure; Stem cells; Translational medicine; Point of care cell therapy

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: We report results derived from a feasibility study on pigs whose left anterior
descending artery was occluded for 180 min. Four weeks later, 18 × 106 fresh,
uncultured, unmodified, autologous adipose-derived regenerative cells were retrogradely
delivered into the balloon-blocked left anterior descending vein (control: delivery of
saline). Another 6 wk later, the mean left ventricular mass (+29%; P < 0.001) and
cardiac output (+37%; P = 0.002) had significantly increased after cell delivery. The
unique combination of the procedure used for isolating stem cells and the novel cell
delivery route applied in the present study potentially opens new horizons for clinical
therapy for chronic myocardial infarction.

Citation: Haenel A, Ghosn M, Karimi T, Vykoukal J, Shah D, Valderrabano M, Schulz DG,
Raizner A, Schmitz C, Alt EU. Unmodified autologous stem cells at point of care for chronic
myocardial infarction. World J Stem Cells 2019; 11(10): 831-858
URL: https://www.wjgnet.com/1948-0210/full/v11/i10/831.htm
DOI: https://dx.doi.org/10.4252/wjsc.v11.i10.831

INTRODUCTION
Heart failure and myocardial  infarction (MI) are consequences of  ischemic heart
disease (IHD)[1]. In recent years cell-based therapies have emerged as a promising
strategy to regenerate ischemic myocardium[2-4]. However, the generally disappointing
outcome of  related clinical  trials  established a  need for  developing novel,  more
effective cell-based therapies for MI[5]. In this regard, it is of note that the treatment of
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chronic MI (i.e., patients with a previous MI) (CMI) requires a different approach than
the treatment of acute MI (AMI). Specifically, studies on animal models demonstrated
that  in  AMI,  cell-based therapies  may primarily  act  via  anti-apoptotic  and anti-
inflammatory mechanisms[6], whereas in CMI there is primarily a need for replacing
the, often large, loss of contractile tissue[7]. Using a rat model for the study of MI, it
was found that apoptosis of both cardiomyocytes and nonmyocytes mostly takes
place during the first 4 wk after MI induction[8]. In addition, a study using a rat model
for the study of CMI found that the long-term ability of allogeneic mesenchymal stem
cells (MSCs) to preserve function in IHD is limited by an immune response, whereby
allogeneic MSCs change from an immunoprivileged to an immunogenic state after
differentiation[9]. The latter may have substantially contributed to the relatively poor
outcome of a recent clinical trial on CMI treatment with allogeneic adipose-derived
stem cells  (improvement  of  the left  ventricular  ejection fraction (LVEF)  from an
averaged 28.8% to an averaged 31.7% (on average +2.9% absolute change or +10%
relative change) at 6-mo follow-up)[10]. Thus, novel approaches for developing cell-
based therapies for CMI should be based on the use of autologous MSCs.

Stem cell density has been reported to be significantly higher in adipose tissue than
in bone marrow (5% to 10% vs  0.1%)[11].  Moreover, fresh, uncultured, unmodified,
autologous adipose-derived regenerative cells  (UA-ADRCs)  [also called stromal
vascular fraction (SVF)] have the advantage over culture-expanded adipose-derived
stem  cells  (ASCs)  that  UA-ADRCs  allow  for  immediate  usage  at  point  of  care,
combined with low safety concerns, since no culturing or modification is applied.

Several experimental studies on animal models have demonstrated the potential of
UA-ADRCs for  treating  AMI[12-14],  and  a  first  clinical  trial  (“APOLLO”)  showed
promising preliminary results[15]. In contrast, no studies on the treatment of CMI (> 4
wk post-MI) with UA-ADRCs have been published.

Thus, it was the aim of the present feasibility study to test in a porcine model for
the  study  of  CMI  the  following  hypotheses:  (1)  Occlusion  of  the  left  anterior
descending (LAD) coronary artery for three hours results in a clinically-relevant
reduction of the LVEF to less than 40% on average 4 wk post-MI (demonstrating
significance of the used animal model); (2) Delivery of UA-ADRCs into the LAD vein
4 wk post-MI in this model leads to improved LVEF by more than 15% (relative
change) on average 10 wk post-MI (primary objective of this study); and (3) The same
animal model shows improvements in cardiac structure 6 wk after delivery of UA-
ADRCs (i.e., 10 wk post-MI) (secondary objective of this study).

This  study  was  performed  on  a  porcine  model  for  the  study  of  CMI
(experimentally-induced transmural MI) because (1) the pattern of coronary arteries
and distribution of blood supply in the porcine heart is remarkably similar to that in
the human heart[16]; (2) unlike rodent and rabbit models, porcine models for the study
of CMI allow for the application of UA-ADRCs with the same standard of care and
the same instrumentation as in humans[12]; and (3) the therapeutic outcome can be
evaluated with MRI. The latter is regarded as the technique that allows the most valid
(i.e.,  accurate  and  reproducible)  and  comprehensive  measurements  of  cardiac
structure (including chamber dimensions, volumes and infarct size in the case of
studies on MI) and related cardiac function (including LVEF, cardiac output, stroke
volume, end-diastolic volume and end-systolic volume)[17].

MATERIALS AND METHODS

Ethics statement
All experiments were performed in accordance with the guidelines published by the
NIH[18], and under a protocol reviewed and approved by the Institutional Animal Care
and Use Committee at Houston Methodist Hospital (Houston, TX, United States)
(AUP-0910-0019).  All  appropriate  measures  were  taken  to  minimize  pain  and
discomfort.

Animal model
Twenty-five  pigs  (Yorkshire  breed;  aged 5-7  mo at  the  index procedures;  K Bar
Livestock, Sabinal, TX, United States) were randomly assigned by opening sealed
envelopes for treatment with UA-ADRCs (n = 13; group 1) or sham-treatment with
saline (n  =  12;  group 2),  respectively (a  schematic  of  the overall  study design is
illustrated in Figure 1).  Eight of these animals could not be included in the final
analysis for the following reasons: One animal died during anesthesia before MI
induction, four animals died during MI induction, one animal had to be euthanized
due  to  a  musculoskeletal  injury  before  the  end  of  the  study,  in  one  animal  the
injection of UA-ADRCs deviated from the protocol, and one animal had a pre-existing
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cardiac abnormality. As a result, the final analysis was performed on data from nine
animals in group 1 and eight animals in group 2.

Induction of myocardial infarction
Myocardial infarction was induced in all animals from groups 1 and 2 at time point
T0. Anti-platelet therapy and (after establishing vessel access) anti-coagulant therapy
were performed as previously described[13].

Anti-platelet therapy was administered orally, consisting of 325 mg Acetylsalicylic
Acid (Aspirin; Bayer, Leverkusen, Germany) 2 d before T0 (i.e. on day T0-2), as well as
on  T0-1,  and Clopidogrel  (Plavix;  Sanofi-Aventis  Pharma,  Paris,  France)  with  a
loading dose of 300 mg on day T0-2 and 75 mg on days T0-1 and T0). In addition, the
animals received the beta blocker Bisoprolol (Concor; Merck, Darmstadt, Germany)
from T0-2 to T0+5 (1.25 mg per day orally).

Anti-coagulant therapy was intravenously administered after establishing vessel
access as follows: Acetylsalicylic Acid 500 mg (Aspisol; Bayer, Leverkusen, Germany),
Enoxaparin  1  mg/kg bolus,  then  0.5  mg/kg every  4h  (Lovenox;  Sanofi-Aventis
Pharma), and Eptifibatide prior to balloon occlusion in two 180 µg/kg boluses, 10 min
apart, followed by a 2 µg/kg/min infusion during balloon occlusion (Integrilin; SP
Europe, Bruxelles, Belgium).

A baseline coronary angiography (CA) (Figure 2A) and a ventriculography in the
right and left anterior oblique views (RAO/LAO VG) was performed using an Axiom
Artis system (Siemens, Erlangen, Germany). Then, a coronary angioplasty balloon
(length 9 mm, diameter 3.0-3.5 mm; Maverick OTW; Boston Scientific, Marlborough,
MA, United States) was directed over a 0.014” guide wire (Choice Floppy; Boston
Scientific) into the LAD artery, and inflated for three hours at the minimal pressure
(typically 2 atm) required for a complete occlusion (Figure 2B). After three hours, the
balloon was deflated and a post-MI CA was performed to insure vessel  patency
(Figure 2C). Catheters and sheaths were removed, and the animal was taken care of as
previously described[13]. Enoxaparin 1 mg/kg (Lovenox; Sanofi-Aventis Pharma, Paris,
France) was subcutaneously administered at the end of the MI induction procedure.

Isolation of adipose-derived regenerative cells
Cells were isolated during catheterization at 4 wk after MI induction (i.e., at time point
T1). Following incision with a scalpel, 12-25 g of subcutaneous adipose tissue was
harvested from the nuchal region of each pig. The tissue was divided into aliquots of
about 6-10 g each. Then, each aliquot was processed using the Transpose RT system
(InGeneron, Houston, TX, United States) for isolating UA-ADRCs from adipose tissue.
To this end, each aliquot was minced and incubated together with enzymatic Matrase
Reagent (InGeneron) for 1 h under agitation in the processing unit at 39°C, according
to the manufacturer’s instructions for use. Note that UA-ADRCs that were isolated
from  adipose  tissue  with  the  Transpose  RT  system  and  the  enzymatic  Matrase
Reagent  were  comprehensively  characterized  in  a  number  of  studies[19-21].  This
included the demonstrated expression of the regenerative cell-associated genes Oct4,
Klf4 and Hes3[21], as well as their differentiative potential into adipogenic, osteogenic,
hepatogenic and neurogenic cell  lines[21].  On this basis,  UA-ADRCs isolated from
adipose tissue with the Transpose RT system and the enzymatic Matrase Reagent
were  used  in  a  number  of  clinical  pilot  trials [22-24],  and  are  currently  under
investigation  in  a  number  of  Investigational  Device  Exemption  (IDE)  studies
approved by the United States Food and Drug Administration[25-29].

Characterization of adipose-derived regenerative cells
UA-ADRCs were characterized by cell counting, measuring cell viability, colony-
forming unit (CFU-F) assays and flow cytometry.

For counting cells, they were stained with fluorescent nucleic acid stain (SYTO13;
Life Technologies, Grand Island, NY, United States) following the manufacturer’s
instructions, and then counted using a hemocytometer under an Eclipse Ti-E inverted
fluorescence microscope (Nikon Corporation, Tokyo, Japan) using a PlanFluor 10 ×
objective [numerical aperture (NA) = 0.3] (Nikon).

The viability of UA-ADRCs was determined by preparing a 3:1 dilution of the cell
suspension in 0.4% Trypan Blue solution.  Nonviable  cells  were counted using a
hemocytometer under the same microscope, and were correlated to the number of
viable nucleated cells.

The CFU-F assay was implemented as an indicator of stemness[30].  To this end,
freshly isolated nucleated cells from each preparation of UA-ADRCs were plated at a
density of 100,000 cells per 35-mm-diameter well in triplicate, and incubated for 14 d
in standard growth media as previously described[31].  Media were changed twice
weekly. Afterwards, the cells were fixed with 4% formalin, stained with hematoxylin
for 10 min and washed with phosphate-buffered saline (PBS). Photomicrographs were
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Figure 1

Figure 1  Experimental details of the present study. CA: Coronary angiography; RAO/LAO VG: Ventriculography in right and left anterior oblique views; MI:
Myocardial infarction; CMR: Cardiac magnetic resonance; UA-ADRCs: Fresh, uncultured, unmodified, autologous adipose-derived regenerative cells.

taken from five randomly chosen fields-of-view per well with a DS-Fi1 CCD color
camera (2560 x 1920 pixels) (Nikon) attached to an Eclipse Ti-E inverted microscope
(Nikon) and NIS-Elements AR software (version 4.13) (Nikon), using a Plan EPI 2.5×
objective  (NA = 0.075)  (Nikon).  A colony-forming unit  was  defined as  a  cluster
containing at least ten fibroblast-like fusiform cells[20]. Two experienced investigators
individually counted the colonies.

For flow cytometric analysis, UA-ADRCs were cultured for 24 h, incubated with
antibodies for 30 min, washed, re-suspended in 1 mL PBS with 10% fetal  bovine
serum and 1% sodium azide, and directly analyzed by flow cytometry employing a
BD FACSAria Fusion device (BD Bioscience, San Jose, CA, United States). Antibodies
against  porcine  CD29  (antibodies-online,  Aachen,  Germany),  CD44  (Abcam,
Cambridge, MA, United States), NG2 (Abcam), Oct4 (Novus Biologicals, Littleton,
CO, United States), CD31 (Gentex, Irvine, CA, United States), CD45 (Abcam), Nestin
(Santa Cruz Biotechnology, Dallas, TX, United States), CD146 (Gentex, Irvine, CA,
United States) and CD117 (eBioscience, San Diego, CA, United States) were used.

Delivery of cells or saline as controls
Four weeks after MI induction, a 6F Amplatz right 1 guide catheter (Mach 1; Boston
Scientific) was advanced over a 0.035'' wire (J-tip Starter; Boston Scientific) through
the jugular vein into the coronary sinus (CS). Once in place in the CS, an angioplasty
balloon (length 8-12 mm; diameter 3.0-3.5 mm; Maverick OTW; Boston Scientific) was
positioned over a 0.014'' guide wire (Choice Floppy; Boston Scientific) at the site of the
LAD vein that corresponded to the previous LAD artery occlusion site (Figure 2D).
After the wire was removed, either a suspension of UA-ADRCs (18 × 106 cells in 10
mL saline; group 1) or 10 mL saline alone (group 2), respectively, were delivered at a
rate of approximately 0.25 mL/s through the catheter’s central lumen retrogradely
into  the  LAD vein.  The  angioplasty  balloon was  kept  inflated during the  entire
delivery procedure, and for five minutes after the delivery. Operators were blinded to
the group assignment,  i.e.,  they did not know whether UA-ADRCs or saline was
delivered.

Cardiac magnetic resonance (CMR) imaging
All animals underwent CMR)imaging directly before the delivery of UA-ADRCs or
saline at T1, as well as 6 wk after T1 (i.e. at T2). The scans were performed using a 1.5
Tesla MRI scanner (Avanto; Siemens).

Steady-state  free  precession (SSFP)  CMR cine  images  were  acquired using an
electrocardiogram-gated SSFP pulse sequence in multiple short-axis and long-axis
views. Short-axis views were obtained every 1 cm from the atrioventricular ring to the
apex to cover the entire left ventricle (slice thickness 6 mm, inter-slice gap 4 mm, echo
time (TE) 1-1.5 ms, temporal resolution (TR) 35–45 ms, flip angle 50-90°).

Late gadolinium enhancement (LGE) CMR imaging was performed approximately
ten  minutes  after  the  administration  of  0.15  to  0.20  mmol/kg  of  gadolinium
(Magnevist; Bayer Inc. Mississauga, ON, Canada) in slice orientations identical to
CMR cine imaging using a standard inversion recovery gradient echo pulse sequence.
Manual adjustment of the time from inversion (TI) was performed in all cases in order
to achieve the nulling of normal viable myocardium[32]. Typical imaging parameters
were matrix 256 × 192, slice thickness 6 mm, gap 4 mm, TI 250–350 ms, TE 2.0–2.5 ms,
flip angle 30°, and parallel imaging with a two-fold acceleration factor.
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Figure 2

Figure 2  Angiographic details of the present study. A: Baseline coronary angiography of a porcine heart in a left
anterior oblique view (in all panels, the white asterisk indicates the angiography catheter positioned in the left main
coronary ostium). The white arrowheads indicate the distal LAD artery; B: Induction of myocardial infarction by
occlusion of the LAD artery for three hours through an inflated balloon catheter at time point T0. The white arrow
indicates the position of the inflated balloon inside the mid LAD artery, whereas the white arrowheads show the
guidewire in the distally occluded LAD artery; C: Complete reperfusion of the LAD artery (white arrowheads) three
hours after removal of the balloon occlusion; D: Delivery of fresh, uncultured, unmodified, autologous adipose-derived
regenerative cells (or saline as control, respectively) through the LAD vein (matching the initial LAD artery occlusion
site) into the infarction area 4 wk later (i.e. at time point T1). To this end, the LAD vein was occluded with an inflated
“over the wire” balloon catheter advanced through a guiding catheter (black arrows), placed from the right jugular vein
into the right atrium and then into the coronary sinus. The inflated balloon (filled with contrast dye; white arrowhead)
in the coronary LAD vein had the aim to prevent the backflow of cells when they were delivered through the distal
orifice of the central lumen of this balloon catheter. LAD: Left anterior descending.

Analysis of CMR images
Image analysis was performed with cvi42 software (Circle Cardiovascular Imaging
Inc., Calgary, AB, Canada). Endocardial and epicardial borders were traced using
planimetry on stacks of short-axis cine images in end diastole and end systole (Figure
3).  Based on these data,  the following variables were calculated for each animal:
LVEF,  cardiac  output,  stroke  volume,  end-diastolic  volume (EDV),  end-systolic
volume (ESV)  and  left  ventricular  mass.  LVEF was  calculated  as  the  difference
between EDV and ESV, divided by EDV. The left ventricular mass was calculated by
the difference between the left ventricular epicardial and endocardial volumes during
end systole, multiplied by myocardial density (1.05 g/cm3)[33]. For quantification of
scar tissue, a region of normal myocardium was independently chosen on each short
axis image showing the left ventricle, and hyper-enhanced regions in each slice were
located. Hyper-enhancement was identified as areas of signal intensity ≥ 5 standard
deviations greater than normal myocardium[34].  Two well-trained MRI physicians,
blinded to the group assignment,  evaluated the selected regions and graded the
findings in all segments on each short axis image.

Analysis of regional replacement fibrosis
This analysis was performed with the cvi42® software (Circle Cardiovascular Imaging
Inc.) on the LGE CMR images as follows: (1) The left ventricle was divided into 17
segments, as recommended by the American Heart Association (AHA)[35]. With the
exception of the apical segment (No. 17), which cannot be investigated on the short
axis, transversal images through all segments of the mid left ventricle of a porcine
heart that were applied in this study (Figure 3) were analyzed, yielding a total of 9×16
(group 1) + 8×16 (group 2) = 272 analyzed segments; (2) The signal intensity (SI) of a
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Figure 3

Figure 3  Steady-state free precession CMR imaging of the porcine heart. A-D: Representative examples of end-
systolic, short axis, transversal images through the mid left ventricle of a porcine heart obtained with SSFP CMR
imaging for analyzing hemodynamic parameters and wall motility at time points T1 (A, C) and T2 (B, D) of a
representative animal in group 1 (delivery of UA-ADRCs) (A, B) and a representative animal in group 2 (control) (C,
D) (details are provided in the main text). In all panels, the epicardial contours are highlighted in green, and the
endocardial contours in red. Note the increased end-systolic thickness of the left ventricular wall at T2 after delivery of
UA-ADRCs at T1 (asterisks in B) compared to the delivery of saline at T1 (D). In the examples presented here, the
left ventricular ejection fraction was 27.2% in (A), 39.7% in (B), 22.5% in (C), and 27.2% in (D). CMR: Cardiac
magnetic resonance; SSFP CMR: Steady-state free precession cardiac magnetic resonance; UA-ADRCs: Fresh,
uncultured, unmodified, autologous adipose-derived regenerative cells.

given pixel was considered hyper-enhanced when its SI was ≥ 5 standard deviations
greater  than  the  SI  of  normal  myocardium  (SI  >  5  SD);  otherwise,  its  SI  was
considered normal[34]; (3) For each segment, the relative number of pixels with hyper-
enhanced  SI  was  calculated  (NPrelSI>5SD).  These  calculations  were  separately
performed  for  T1  and  T2,  resulting  in  segment-specific  data  NPrelSI>5SD-T1  and
NPrelSI>5SD-T2; and (4) For all  segments of a given animal, the difference between
NPrelSI>5SD-T1  and NPrelSI>5SD-T2  was  calculated  as  ΔNPrelSI>5SD  =  NPrelSI>5SD-T2  -
NPrelSI>5SD-T1.

Termination
Animals were euthanized according to the Houston Methodist Research Institute
Euthanasia  for  Large  Animals  Procedure  (Houston,  TX,  United  States)  after
performing CA, RAO/LAO VG and CMR imaging at T2. Intravenous injection of 0.25
mg/kg Pentobarbital/Phenytoin combination was performed in conjunction with
isoflurane overdose. Death was verified by the absence of vital signs. Hearts and
organs  were  removed  for  further  histologic  and  immunofluorescence  analysis.
Animal carcasses were disposed of in accordance with standard operating procedures
of the Houston Methodist Research Institute (Houston, TX, United States).

Histologic processing of heart tissue
Hearts were harvested and fixed in 5% paraformaldehyde. The left ventricle was cut
into six transversal, 1 cm-thick slices from apex to base. Then, from each heart, several
approximately 1 cm × 1 cm × 1 cm large tissue samples were collected, representing
the left ventricular border zone of MI, the core region of MI, and regions of viable
myocardium. Specimens were paraffin-embedded and cut into 5 µm-thick tissue
sections that were mounted on glass slides and stained with Masson’s Trichrome
staining, or processed with fluorescence immunohistochemistry.
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Fluorescence  immunohistochemistry  was  performed  on  de-paraffinized  and
rehydrated sections that were washed with PBS containing 0.3% Triton X-100 (Sigma
Aldrich, St. Louis, MO, United States) and blocked with 10% casein solution (Vector
Laboratories, Burlingame, CA, United States) for 30 min at room temperature. Then,
sections were incubated overnight with diluted Rabbit anti-von Willebrand factor
(vWF) primary antibody (Abcam) or diluted Rabbit anti-adiponectin (Cy5 conjugated)
primary antibody (Biorbyt, San Francisco, CA, United States), and subsequently for 1
h with diluted Goat anti rabbit-IgG secondary antibody (Cy5 conjugated) (Thermo
Scientific, Waltham, MA, United States). Counterstaining of nuclei and mounting
were performed with Vectashield Antifade Mounting Medium with DAPI (Vector
Laboratories).

Analysis of microvessel density
The microvessel density was determined on up to four representative sections from
each  animal  showing  the  left  ventricular  border  zone  of  MI.  Only  sections  that
showed at least 30% of both scar tissue and viable myocardium were considered in
this analysis. To this end, photomicrographs covering the entire section were taken
with  a  DS-Fi1  CCD  color  camera  (Nikon)  attached  to  an  Eclipse  Ti-E  inverted
microscope (Nikon) using a PlanApo 20× objective (NA = 0.75) (Nikon). Images were
analyzed using ImageJ software (U. S. National Institutes of Health, Bethesda, MD,
United States). Using a defined grid of ten fields per section with an area of 0.3 mm²
per  field,  two  independent,  blinded  evaluators  determined  the  number  of
microvessels  per field (microvessels  with a diameter between 2 and 10 µm were
counted). Microvessel density was calculated based on microvessel counts on a total
of 202 fields (animals in group 1) or 247 fields (animals in group 2), respectively.

Photography
The photomicrographs shown in Figures 4-6 were produced by digital photography
using a DS-Fi1 CCD color camera (2560 x 1920 pixels; Nikon) (Figures 4 and 5) or a
CoolSNAP HQ2 CCD monochrome camera (1392 x 1040 pixels; Photometrics, Tucson,
AZ, United States) (Figure 6) attached to an Eclipse Ti-E inverted microscope (Nikon)
and NIS-Elements AR software (Nikon),  using the following objectives (all  from
Nikon): PlanFluor 4 × (NA = 0.13), 10× (NA = 0.3) and 20× (NA = 0.45). The final
figures  were  constructed  using  Corel  Photo-Paint  X7  and  Corel  Draw X7  (both
versions 17.5.0.907; Corel, Ottawa, Canada). Only minor adjustments of contrast and
brightness were made using Corel Photo-Paint, without altering the appearance of the
original materials.

Statistical analysis
For each combination of animal groups [group 1 (delivery of UA-ADRCS) and group
2  (control)],  time  point  [T1  (4  wk  after  MI  induction)  and  T2  (10  wk  after  MI
induction)], the mean ± SE were calculated for the following variables: LVEF, cardiac
output,  stroke  volume,  EDV,  ESV,  heart  rate,  left  ventricular  mass  and relative
amount of scar tissue. Group-specific means and SEM were also calculated for the
body weight of the animals (determined at T0, T1 and T2) and the microvessel density
(investigated only at T2). These calculations were performed with previous testing
with the Shapiro-Wilk normality test of whether the values came from a Gaussian
distribution. Except for the microvessel density, comparisons between groups were
performed with repeated measures two-way analysis of variance, followed by post
hoc Bonferroni tests for pairwise comparisons. For microvessel density, comparisons
between groups were performed with the unpaired two-tailed Student’s t-test.

Mean and SEM were also calculated for the variable ΔNPrelSI>5SD  (results of the
regional replacement fibrosis analysis).  This was separately undertaken for each
combination of animal groups (groups 1 and 2) and segments (those that are assigned
to the territory of the LAD artery in the human heart, and those that are assigned to
the territory of the right coronary artery and the left circumflex coronary artery in the
human heart). Comparisons between groups were performed with two-way analysis
of variance, followed by post hoc Bonferroni tests for pairwise comparisons.

In all analyses, an effect was considered statistically significant if its associated p
value was smaller than 0.05. Calculations were performed using GraphPad Prism
(version 7.0 for Windows, GraphPad software, San Diego, CA, United States).

RESULTS

Characterization of UA-ADRCs
The amount of adipose tissue that was obtained from the nuchal region per pig varied
between  12-25  g  (mean  ±  SE:  18.1  ±  1.61  g).  On average,  0.98  ×  106  ±  0.10  ×  106
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Figure 4

Figure 4  Microstructure of cardiac tissue after delivery of UA-ADRCs or saline. A-F: Representative photomicrographs of paraffin-embedded, 5 µm thick tissue
sections stained with Masson’s Trichrome staining of post mortem hearts from pigs in group 1 (delivery of fresh, uncultured, unmodified, autologous adipose-derived
regenerative cells) (A-C) and group 2 (delivery of saline as control) (D-F) at T2. The arrowheads in (A, D) point to the endocardium, the asterisks in (A-C) indicate
patchy islets of cardiomyocytes located within areas of fibrous tissue, and the arrows in (F) point to an infiltration with inflammatory cells. The scale bar in (F)
represents 500 µm in (A, D), 200 µm in (B, E), and 100 µm in (C, F). UA-ADRCs: Fresh, uncultured, unmodified, autologous adipose-derived regenerative cells.

nucleated cells were isolated from each gram of adipose tissue (cell yield), from which
93.3% ± 0.4% cells were viable (live cell yield). The CFU-F value was 11.3%. Flow
cytometric  analysis  demonstrated  the  following  relative  numbers  of  cells
immunopositive for a certain marker (sorted in descending order; an example of the
results of flow cytometric analysis is depicted in Figure 7): CD29: Between 44.1-52.9%
(mean: 48.5%); CD44: Between 34.2-39.8% (mean: 37.0%); CD31: Between 6.0-16.7%
(mean:  11.4%);  NG2:  Between 7.3-12.3% (mean:  9.8%);  CD45:  Between 3.9-13.9%
(mean: 8.9%); Oct4: Between 2.4-6.2% (mean: 4.3%); Nestin: Between 1.9-6.2% (mean:
4.1%); CD146: Between 0.4-0.7% (mean: 0.6%); and CD117: Between 0.1-0.4% (mean:
0.3%).

Improvement of cardiac function after delivery of UA-ADRCs
The  following,  statistically  significant  improvements  in  cardiac  function  at  T2
compared to T1 were found for the animals in group 1 (delivery of UA-ADRCs) but
not for the animals in group 2 (control):  Increased mean left  ventricular ejection
fraction (+18%; P = 0.037) (primary objective) (Figure 8A and B; mean and SEM data
as well as P-values of repeated measures two-way analysis of variance are provided
in Table 1), increased mean cardiac output (+37%; P = 0.002) (Figure 8C and D, as well
as Table 1), and increased mean stroke volume (+41%; P < 0.001) (Figure 8E and 8F, as
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Figure 5

Figure 5  Microvessel density after delivery of UA-ADRCs or saline. The panels show representative photomicrographs of paraffin-embedded, 5 µm thick tissue
sections of post mortem hearts from pigs in group 1 (delivery of fresh, uncultured, unmodified, autologous adipose-derived regenerative cells) (A, B) and group 2
(delivery of saline as control) (C, D) at T2. In (A, C), tissue sections were stained with Masson’s Trichrome staining. In (B, D), tissue sections were processed with
fluorescence immunohistochemistry in order to detect von Willebrand factor (red) (counterstaining with DAPI in blue). The arrows point to microvessels, and the
arrowheads to small arterioles. The scale bar shown in D represents 100 µm in (A, C) and 35 µm in (B, D). UA-ADRCs: Fresh, uncultured, unmodified, autologous
adipose-derived regenerative cells.

well as Table 1).
As animals in both groups grew from T1 to T2 (Figure 9), the mean end-diastolic

volume significantly increased in both groups from T1 to T2 [group 1: +20% (P  <
0.001); group 2: +15% (P = 0.004)] (Figure 8G and H, as well as Table 1). However, the
mean end-systolic volume significantly increased only in group 2 (+17%; P = 0.018)
but not in group 1 (+9%; P = 0.222) (Figure 8I and J, as well as Table 1), causing a
significant increase in mean stroke volume in group 1 (+41%; P < 0.001) but not in
group 2 (+10%; P  = 0.552).  The mean heart rate showed no significant difference
between T1 and T2 in both groups (Figure 8K and L, as well as Table 1), causing a
significant increase in mean cardiac output only in group 1 (+37%; P = 0.002) but not
in group 2 (+7%; P = 0.798).

Improvement of cardiac structure after delivery of UA-ADRCs
For  animals  in  group 1  (delivery  of  UA-ADRCs)  but  not  in  group 2  (control),  a
significantly increased mean mass of the left ventricle (+29%; P < 0.001) was found at
T2 compared to T1 (Figure 10A and C; results of statistical analysis are summarized in
Table  1).  Furthermore,  animals  in  group  1  (delivery  of  UA-ADRCs)  showed  a
significantly decreased mean relative amount of scar volume of the left ventricular
wall (-21%; P = 0.042) at T2 compared to T1 (Figure 10B and D, Figure 11 and Table 1).
Of note, the opposite was observed for animals in group 2 (control), i.e., a significant
increase in the mean relative amount of scar volume of the left ventricular wall (+29%;
P = 0.022) at T2 compared to T1 (Figure 10B and D, Figure 11 and Table 1).

The regional replacement fibrosis data were visualized using color-coded, AHA 17-
segment  bullseye  plots  (Figure  12).  Statistical  analysis  demonstrated significant
improvement in LAD segments – but not in non-LAD segments – after delivery of
UA-ADRCs (P = 0.008) (results of repeated measures two-way analysis of variance:
PInteraction = 0.125; PTerritory = 0.936; PTreatment < 0.001) (Figure 13).

Histologic  examination demonstrated patchy islets  of  cardiomyocytes  located
within areas of fibrous tissue in the left ventricular border zone of the MI in post-
mortem hearts of animals in group 1 (delivery of UA-ADRCs) (Figure 4A, 4B and 4C).
In contrast, the post mortem hearts of animals in group 2 (control) showed infiltration
with inflammatory cells in the same region (Figure 4D, 4E and 4F).
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Figure 6

Figure 6  No differentiation of stem cells into adipocytes after delivery of UA-ADRCs. A, B: Representative photomicrographs of paraffin-embedded, 5 µm thick
tissue sections of post mortem hearts from pigs in group 1 (delivery of fresh, uncultured, unmodified, autologous adipose-derived regenerative cells) (A) and group 2
(delivery of saline as control) (B), taken from the left ventricular border zone of myocardial infarction at 10 wk. (C) Representative photomicrograph of a paraffin-
embedded, 5 µm thick tissue section of subcutaneous adipose tissue from a pig. The sections were stained with DAPI (blue), and processed for immunofluorescent
detection of adiponectin (green). The scale bar represents 100 µm. UA-ADRCs: Fresh, uncultured, unmodified, autologous adipose-derived regenerative cells.

Improvement of cardiac revascularization after delivery of UA-ADRCs
The left  ventricular  border zone of  the MI of  the post-mortem hearts  in group 1
animals (delivery of UA-ADRCs) exhibited a significant, more than two-fold higher
mean microvessel density than the corresponding region in the post-mortem hearts of
the group 2 animals (control) at T2 [54.4 ± 3.7 vs 26.1 ± 2.8 (mean ± SE) capillaries per
mm2; P < 0.001] (Figure 5A and C). Immunofluorescent detection of von Willebrand
factor supported this finding (Figure 5B and D).

No differentiation of stem cells into adipocytes after delivery of UA-ADRCs
Cells in the left ventricular border zone of the MI of the post-mortem hearts from the
group 1 (delivery of UA-ADRCs) and 2 (control) animals displayed no expression of
adiponectin at T2 (Figure 6).

DISCUSSION
This is the first study in which all of the following findings from previous research on
cell-based  therapies  for  CMI  with  high  clinical  relevance  were  considered  and
combined into a  single  model:  (1)  Application of  the same standard of  care  and
instrumentation as in humans by using a porcine model for the study of CMI (which
is not possible when investigating mouse or rat models for the study of CMI); (2) A
low baseline LVEF after induction of MI of approximately 35% (according to the
guidelines  for  the  diagnosis  and  treatment  of  acute  and  chronic  heart  failure
published  by  the  European  Society  of  Cardiology  in  2016[36]  (a  LVEF  ≥  50%  is
considered normal or preserved, whereas a LVEF < 40% is considered reduced) (the
mean LVEF of healthy landrace pigs with an average body weight of approximately
53 kg is approximately 53%[37]); (3) The use of well-characterized, fresh, uncultured,
unmodified autologous adipose-derived regenerative cells prepared at “point of care”
(rather than employing cultured and/or modified, autologous or non-autologous
cells); and (4) The evaluation of therapeutic success using CMR imaging (rather than
using other methods such as echocardiography). Besides this, the UA-ADRCs were
retrogradely  delivered  into  the  temporarily  blocked  LAD  vein  (rather  than
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Figure 7

Figure 7  Analysis of cell surface markers of fresh, uncultured, unmodified, autologous adipose-derived regenerative cells from an animal in group 1 using
flow cytometry. The cells were stained with monoclonal antibodies for CD29, CD44, NG2, Oct4, CD31, CD45, Nestin, CD146 and CD117 at passage 0. Flow
cytometric histographs are representative of triplicate experiments.

transendocardial, intramyocardial or intracoronary cell delivery).
Figure 14 summarizes the key findings [changes in mean LVEF and mean relative

amount  of  scar  volume  of  the  left  ventricular  wall  (ScVol)  from  baseline  (i.e.,
immediately before delivery of cells or control treatment, respectively) to follow-up]
from the present study and from all studies on cell therapy for CMI using porcine
models that were published so far[38-42] (details of these studies are provided in Table
2). The animals had on average the lowest mean LVEF and the highest mean ScVol at
baseline in our study, indicating high clinical relevance. In fact, four[39-42] out of the six
studies summarized in Figure 14 investigated porcine models for the study of CMI
with moderately reduced LVEF according to a previous study[36], whereas an earlier
study by Johnston et al[38] as well as ours investigated porcine models for the study of
CMI with reduced LVEF[36]. Furthermore, the animals showed the highest increase in
mean LVEF and the second-highest reduction in mean ScVol in our study. The mean
ScVol was reduced from 19.2% at baseline to 14.2% 8 wk later[38], compared to 20.9% at
baseline and 16.6% 6 wk later in our study. Dissimilar to our study, however, no
improvement of mean LVEF was found in a former study[38]  (37.8% at baseline vs
37.6% 8 wk later, compared to 34.3% at baseline vs 40.4% 6 wk later in our study).

Analysis of regional replacement fibrosis demonstrated that the reduction in ScVol
observed in our study predominantly took place in those left ventricular segments
that are assigned to the vascular territory of the LAD in the human heart. Considering
that the pattern of coronary arteries and distribution of blood supply in the porcine
heart is remarkably similar to that in the human heart[16], these regional replacement
fibrosis data support the effectiveness of our therapeutic approach. As indicated in
Figure 14, the differences in the outcome between our study and other published
studies on cell therapy for CMI using porcine models[38-42]  cannot be explained by
substantial differences in the time between MI induction and the delivery of cells, or
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Table 1  Results of statistical analysis

Parameter
Group 1 (delivery of UA-ADRCs) Group 2 (delivery of saline as control) P values of repeated measures two-way

analysis of varianceT1 T2 T1 T2

Mean SEM Mean SEM Mean SEM Mean SEM I Time Tr SM

LVEF 343 289 404 264 378 257 362 245 0.036 0.207 0.912 0.006

CO 273 022 378 023 339 030 363 032 0.049 0.004 0.458 0.019

SV 314 202 443 239 346 299 380 343 0.036 0.001 0.638 0.048

EDV 936 507 1119 624 926 645 1061 717 0.358 < 0.001 0.696 < 0.001

ESV 621 528 676 649 580 524 681 603 0.327 0.005 0.821 < 0.001

HR 870 293 854 419 974 396 955 361 0.940 0.400 0.051 0001

MLV 553 499 713 449 632 335 684 397 0.042 0.001 0.665 0.001

ScVol 209 229 166 119 176 138 227 176 0.002 0.739 0.509 0.019

The time points T1 and T2 are explained in detail in the main text. P values < 0.05 are given boldface. T1: Delivery of UA-ADRCs (group 1) or saline (group
2) 4 wk after induction of myocardial infarction; T2, 6 wk after T1 (i.e. 10 wk after induction of myocardial infarction); LVEF: Left ventricular ejection
fraction (%) (primary objective); CO: Cardiac output (L/min); SV: Stroke volume (mL); EDV: End diastolic volume (mL); ESV: End systolic volume (mL);
HR: Heart rate (min-1); MLV: Left ventricular mass (g); ScVol: Relative amount of scar volume of the left ventricular wall (%); I: Interaction; Tr: Treatment;
SM: Subject matching; UA-ADRCs: Fresh, uncultured, unmodified autologous adipose-derived regenerative cells.

the  time between the  delivery  of  cells  and follow-up.  Rather,  the  differences  in
outcomes were most probably caused by differences in the type of cells delivered and
the delivery route. In fact, in all other studies listed in Figure 14[38-42], allogeneic cells
were used [cardiosphere-derived cells  (CDCs) in[38-40],  adipose-derived stem cells
(ASCs) in[41],  and a combination of bone marrow-derived stem cells (BMSCs) and
allogeneic, c-Kit-positive cardiac stem cells (CSCs)[42]]. Allogeneic ASCs and BMSCs
indicated benefits in the treatment of porcine and sheep models for the study of acute
MI (delivery of cells immediately after[43-45] or within the first 8 d[46] after induction of
MI). However, both the aforementioned studies employing porcine models for the
study of CMI[38-42] as well as a recent clinical trial on treatment of CMI with allogeneic
ASCs[10]  revealed relatively poor outcomes (on average between -0.5% and +1.9%
absolute change or between -1.0% and +4.6% relative change in mean LVEF at follow-
up in the studies on porcine models[38-42], and on average +2.9% absolute change or
+10% relative change in mean LVEF at 6-mo follow-up in the clinical trial[10]). This is
significantly less than the average +6.1% absolute change or +17.9% relative change in
the mean LVEF reported in the present study. As previously mentioned above, the
long-term ability of allogeneic stem cells to preserve function in the treatment of CMI
may be limited by an immune response, whereby the allogeneic cells change from an
immunoprivileged to an immunogenic state after differentiation[9]. In fact, 40% of the
IHD patients enrolled in the clinical trial on treatment of CMI with allogeneic ASCs[10]

developed donor-specific de novo human leukocyte antigen (HLA) class I antibodies,
and 20% of the IHD patients already had donor-specific HLA antibodies at baseline[10].
Using porcine models, Tseliou et al[40] found serum alloantibodies only in one out of
eight animals 4 wk after delivery of allogeneic CDCs, whereas the other studies[38,39,41,42]

did not  investigate the development of  serum alloantibodies.  Natsumeda et  al[42]

occasionally detected inflammatory cells in myocardial tissue 3 mo after delivery of
allogeneic BMSCs and CSCs, but attributed this finding to CMI. Blásquez et  al[39]

investigated various immunological parameters 4 wk after the delivery of allogeneic
CDCs, and concluded that the observed changes could exert a modulation in the
inflammatory environment of the heart in CMI, indirectly benefiting endogenous
cardiac  repair.  However,  because  of  the  lack of  a  control  group in  the  study by
Blásquez et al[39], this conclusion might be treated with caution.

Nonetheless, it would not be correct to conclude that therapies based on allogeneic
cells  are  in  principle  less  efficient  than  therapies  based  on  autologous  cells  for
treatment of chronic cardiac failure. Rather, a recent randomized clinical trial (RCT)
on  patients  who  suffered  from  chronic  nonischemic  dilated  cardiomyopathy
(NIDCM) who averaged more than 6 years with mean LVEF of approximately 26% at
baseline (POSEIDON-DCM)[47] reported improvement of LVEF by averaged +8.0%
absolute change 1 year after transendocardial delivery of 100×106 allogeneic BMSCs (P
= 0.004 compared to baseline), compared to improvement of LVEF who averaged
+5.4% absolute change 1 year after transendocardial delivery of 100×106 autologous
BMSCs (P = 0.116 compared to baseline). The authors of the POSEIDON-DCM RCT[47]

hypothesized that  the  following reasons  could  explain  the  better  outcome after
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Figure 8

Figure 8  Change in cardiac function after delivery of UA-ADRCs or saline. The panels show group-specific
mean ± SE of (A) left ventricular ejection fraction (LVEF, (B) cardiac output (CO), (C) stroke volume (SV), (D) end-
diastolic volume (EDV), (E) end-systolic volume (ESV) and (F) heart rate (HR) of animals in group 1 (delivery of UA-
ADRCs) (green bars) and group 2 (delivery of saline as control) (red bars) at 4 wk after infarction (T1) and 6 wk later
(T2). P values of repeated measures two-way analysis of variance are provided in Table 1; results of group-specific
Bonferroni's multiple comparison tests are indicated (aP < 0.05; bP < 0.01; cP < 0.001). 95% confidence intervals
(Bonferroni) of the differences of group-specific mean data between T2 and T1 are shown in (G-L). UA-ADRCs:
Fresh, uncultured, unmodified, autologous adipose-derived regenerative cells.

delivery of allogeneic BMSCs than after delivery of autologous BMSCs: Different
mean age of the donors (the donors in the allogeneic BMSC group were on average
approximately half as old as the donors in the autologous BMSC group; mean age of
the latter: approximately 57.4 years), possible adverse impact of the disease milieu
(including  the  proinflammatory  phenotype),  and  the  possibility  of  enhanced
endogenous cardio-repair after delivery of allogeneic BMSCs in chronic NIDCM.
However,  specific  data  supporting  these  hypotheses  were  not  provided  in  this
study[47]. At least the age of the donors itself may not explain the different clinical
outcome  in  the  POSEIDON-DCM  RCT[47].  A  recent  study  showed  that  protein
expression profiles of human umbilical vein endothelial cells (HUVECs) that were co-
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Figure 9

Figure 9  Change in body weight after delivery of UA-ADRCs or saline. The left panel shows group-specific mean
± SE of the body weight of animals in group 1 (delivery of UA-ADRCs) (green bars) and group 2 (delivery of saline as
control) (red bars) at baseline (T0), 4 wk after infarction (T1) and 6 wk later (T2). In both groups, the mean body
weight significantly increased during the investigated period (group 1: +48% from T0 to T1 and +97% from T0 to T2;
group 2: +42% from T0 to T1 and +81% from T0 to T2; PInteraction = 0.076; PTime < 0.001; PTreatment = 0.009;
PSubjects (matching) = 0.007). Post hoc Bonferroni tests for pairwise comparisons demonstrated a significant difference in
mean body weight between the groups at T2 (bP < 0.01) but not at T0 or T1. 95% confidence intervals (Bonferroni) of
the differences of group-specific mean data are displayed in the right panel. UA-ADRCs: Fresh, uncultured,
unmodified, autologous adipose-derived regenerative cells.

cultured under oxidative stress conditions with UA-ADRCs from healthy persons
aged between 42 and 47 years  did not  differ  from protein expression profiles  of
HUVECs that were co-cultured under identical conditions with ADRCs from healthy
persons aged between 61 and 62 years[48]. Nevertheless, one might speculate that the
cardiac repair potential of BMSCs obtained from patients suffering from NIDCM for
several  years (with a reduction in LVEF by more than 50% compared to healthy
people[36,49]  could differ  significantly  from the cardiac  repair  potential  of  BMSCs
obtained from young, healthy people. In any case, the outcome of the POSEIDON-
DCM RCT[47] cannot be directly compared to the outcome of treatment of induced
chronic MI in porcine animal models (Figure 14). In fact, a RCT on patients who have
suffered from chronic IHD with an averaged time of approximately 11 years since the
last MI and mean LVEF of approximately 27% at baseline (POSEIDON)[50] reported
almost no improvement of LVEF 13 mo after transendocardial delivery of up to 200 ×
106 allogeneic BMSCs (averaged +1.7% absolute change compared to baseline) or up
to  200  ×  106  autologous  BMSCs  (averaged  +2.3%  absolute  change  compared  to
baseline).  The  disappointing  outcome  of  the  autologous  BMSC  group  in  the
POSEIDON RCT[50] may be due to the considerably prolonged time between the last
MI and the delivery of cells (on average 12.8 years; range: 2.4-31.8), which may be
clinically less relevant than the time between induced MI and the delivery of UA-
ADRCs investigated in the present study (4 wk).

Several cell delivery routes were tested in preclinical studies and clinical trials in
order to optimize the efficacy of mesenchymal stem cell therapy for MI[51]. A recent
meta-analysis of these studies indicated that transendocardial  stem cell  injection
(TESI) may be superior to intramyocardial (transpericardial) injection, intracoronary
infusion or intravenous infusion[51]. However, TESI may preferentially reduce scar size
and functional response of the ventricular wall at local stem cell injection sites, as
observed in the POSEIDON RCT[52]. Thus, TESI might not be the best cell delivery
route.

In order to overcome the natural endothelial barrier, we applied in the present
study a novel cell delivery method by applying increased pressure to extravasate the
cells (retrograde delivery of cells into the temporarily blocked LAD vein using a
standard over-the-wire balloon catheter). Another published study on pigs (occlusion
of the LAD artery for 45 min; delivery of 1 × 107 111indium-oxine–labeled autologous
ASCs 6 d later; delivery of the cells into a 4 cm long segment of the LAD vein using a
double-balloon catheter within on average 8 seconds; named RCV delivery) showed
that RCV delivery also resulted in increased amounts of cells retained in the heart at 1
h and 24 h after delivery (mean relative amount of 111indium-oxine retention: 18%
after 1 h and 19% after 24 h)[53]. Of note, these data cannot be directly compared to the
experimental model investigated in the present study (occlusion of the LAD artery for
180 min; delivery of UA-ARDCs 4 wk later). We hypothesize that delivery of cells into
a temporarily blocked vessel – with continuing injection and the resulting increase in
pressure in the compartment between the balloons blocked segment of the vessel and
the capillaries – enables cells to overcome the endothelial barrier. It might be a task of
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Figure 10

Figure 10  Change in cardiac structure after delivery of UA-ADRCs or saline. The panels show group-specific
mean ± SE of (A) the left ventricular mass (MLV) and (B) the relative amount of scar volume of the left ventricular wall
(ScVol) of animals in group 1 (delivery of UA-ADRCs) (green bars) and group 2 (delivery of saline as control) (red
bars) at 4 wk after infarction (T1) and 6 wk later (T2). P values of repeated measures two-way analysis of variance
are provided in Table 1; results of group-specific Bonferroni's multiple comparison tests are indicated (aP < 0.05; cP <
0.001). 95% confidence intervals (Bonferroni) of the differences of group-specific mean data between T2 and T1 are
shown in (C, D). UA-ADRCs: Fresh, uncultured, unmodified, autologous adipose-derived regenerative cells.

following studies to further investigate to which extent the novel delivery mode
contributed to improvements in cardiac function and structure after induced CMI, as
reported here.

The outcome of cell-based therapy for MI depends on the type of cells delivered,
which includes the primary origin, way of initial isolation, and processing. The UA-
ADRCs used in the present study were neither cultured nor selected or physically,
chemically and/or genetically modified. Rather, they were delivered into the heart
about one hour after isolating the unmodified cells from the adipose tissue, within the
same interventional procedure of cell harvesting and application (i.e., at “point of
care”).

A number of enzymatic and non-enzymatic systems for isolating UA-ADRCs have
been  developed[21,54].  The  cell  yield  reported  after  different  procedures  varies
considerably[21,55]. It was shown that, in general, enzymatic isolation of UA-ADRCs
yields significantly more cells than non-enzymatic, mere mechanical isolation[21,56]. In
the present study, cells were isolated from adipose tissue using Matrase™ Reagent
(InGeneron), an enzyme blend of collagenase I, collagenase II and a recombinantly
produced, proprietary neutral protease.

A recent study compared cell yield, cell viability, number of living cells per ml
lipoaspirate,  biological  characteristics,  physiological  functions  and  structural
properties  of  UA-ADRCs that  were isolated from adipose tissue with the use of
Matrase Reagent (Transpose RT/Matrase isolation) (as done in this study) with the
same parameters of UA-ADRCs that were mechanically isolated from adipose tissue
without  the  use  of  Matrase  Reagent,  but  under  otherwise  identical  processing
conditions (Transpose RT/no Matrase isolation)[21]. It turned out that, compared to
Transpose RT/no Matrase isolation, Transpose RT/Matrase isolation resulted in the
following  significantly  different  (P  <  0.05),  clinically  relevant  effects:  (1)  An
approximately twelve times higher mean number of viable cells per gram processed
lipoaspirate; and (2) An approximately 16 times higher number of CFU-Fs per gram
lipoaspirate created by the UA-ADRCs[21]. On the other hand, Transpose RT/Matrase
isolated UA-ADRCs and Transpose RT/no Matrase isolated UA-ADRCs showed
similar, not significantly different (P > 0.05) expression levels of the regenerative cell-
associated genes Oct4, Hes1 and Klf4[21]. Furthermore, when stimulated with specific
differentiation  media  both  Transpose  RT  /  Matrase  isolated  UA-ADRCs  and
Transpose  RT/no  Matrase  isolated  UA-ADRCs  were  independently  able  to
differentiate into adipogenic, osteogenic, hepatogenic and neurogenic lineages (i.e.,
into cells  of  all  three germ layers)[21].  These data  demonstrate  that  (1)  the use of
Matrase  Reagent  in  isolating  UA-ADRCs  from  adipose  tissue  did  not  change
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Figure 11

Figure 11  Formation of scar tissue after delivery of UA-ADRCs or saline. A, B: Representative, transversal, 1
cm-thick slices of post mortem hearts from pigs in group 1 (delivery of fresh, uncultured, unmodified, autologous
adipose-derived regenerative cells) (A) and group 2 (delivery of saline as control) (B) at T2. The yellow lines indicate
the left ventricular border zones of the myocardial infarction (yellow asterisks). The scale bar represents 1 cm. UA-
ADRCs: Fresh, uncultured, unmodified, autologous adipose-derived regenerative cells.

biological characteristics, physiological functions or structural properties of the cells
that are of relevance for the intended use (i.e., regeneration, repair or replacement of
weakened or injured tissue); (2) the Matrase Reagent did not induce these biological
characteristics, physiological functions and structural properties; and (3) the cells
were not manipulated by the use of the enzyme, because Transpose RT/Matrase
isolated UA-ADRCs and Transpose RT/no Matrase isolated UA-ADRCs showed the
same expression of embryonic genes and pluripotent differentiation capacity[21]. These
data are highly clinically significant,  because safety concerns have recently been
raised  about  the  use  of  cultured  adult  stem  cells  in  regenerative  medicine.  In
particular, increased rates of potential malignant transformations were observed at
higher passages[57-59].

Characterization of cells in this study with flow cytometry yielded the following
results. First, 49% of the cells on average expressed CD29 (CD29+), and 37% expressed
CD44. Expression of CD29 and CD44 is characteristic of UA-ADRCs[55,60]. With regard
to  CD29,  Mitchell  et  al[61]  reported  similar  results  for  human UA-ADRCs (mean
relative number of CD29+ cells: 48%). In contrast, these authors reported higher mean
relative  numbers  of  CD44+  cells  than those  found in  this  study (64% vs  37%).  A
potential explanation for this discrepancy may be species-specific differences in the
expression of CD44. When culturing UA-ADRCs, Mitchell et al[61] observed that the
mean relative number of  CD29+  cells  increased from 71% at  passage 1 to 95% at
passage  4,  and  the  mean relative  number  of  CD44+  cells  increased  from 84% at
passage 1 to 98% at passage 4. Second, the average number of cells in this study that
expressed  CD45  (a  marker  of  blood-derived  cells[55,62])  was  only  9%.  Of  note,
substantially higher mean relative numbers of CD45+ cells were reported for porcine
UA-ADRCS (31%[13]) and human UA-ADRCS (30%[61,63]) in the literature. A potential
explanation is that no Transpose/Matrase isolation of UA-ADRCs was performed in
the latter studies[13,61,63]), further underscoring the superiority of the approach used in
this study. Third, the average number of cells in this study that expressed CD31 (a
marker of endothelial cells[55,63]) was 11%. A very similar average number of CD31+

cells (8%) was previously reported for porcine UA-ADRCs[13]. In contrast, for human
UA-ADRCs, conflicting relative numbers of CD31+ cells were reported in the literature
(1%-6% in [63], and 22% on average in[61]). A potential explanation is the use of different
isolation procedures in these studies. Fourth, the average number of cells in this study
that expressed Oct4 (a transcription factor expressed in human ASCs at passage 1 and
is highly associated with stem cell pluripotency[64]) was 4%. Of note, this number
could not be compared to results from the other studies discussed here[13,55,60-63] because
Oct4 was not investigated in these studies. Fifth, the relative numbers of cells in this
study that expressed NG2 and CD146 (which were described in the literature as
markers  associated  with  pericytes [55 ,65]),  Nestin  (an  early  marker  of  neural
stem/progenitor  cells  and proliferative  endothelial  cells[66])  and CD117 (c-Kit;  a
marker  of  common  myeloid  progenitors,  hematopoietic  progenitor  cells  and
multipotent progenitors[67]) were 10%, 1%, 4% and 0.3%, respectively. These markers
were not investigated in the aforementioned study on UA-ADRCs[13]. Mitchell et al[61]

only reported an average relative number of  21% of CD146+  cells  in human UA-
ADRCs. Potential explanations of this discrepancy (1% in this study vs 21% in[61]) are
species-specific differences, differences in the isolation procedure of UA-ADRCs, or a
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Figure 12

Figure 12  Analysis of regional replacement fibrosis after delivery of UA-ADRCs or saline. The panels visualize
data from a representative animal in group 1 (delivery of UA-ADRCs) (A, B) and a representative animal in group 2
(delivery of saline as control) (C, D) at time points T1 (A, C) and T2 (B, D) using color-coded, AHA 17-segment
bullseye plots[35]. Segments marked green showed viable myocardium, whereas segments marked black showed
complete fibrosis (i.e. NPrelSI>5SD > 90%; see main text for details). In all panels, the red lines in the upper left parts of
the bullseye plots enclose those segments that are assigned to the territory of the left anterior descending artery in
the human heart[35]. The asterisks indicate the mid anteroseptal segment #8 that markedly improved between T1 and
T2 after delivery of UA-ADRCs (A, B) but not after delivery of saline as control (C, D). UA-ADRCs: Fresh, uncultured,
unmodified, autologous adipose-derived regenerative cells.

mixture thereof. Collectively, these data support the significance of the UA-ADRCs
used in this study to regenerate cardiac tissue in CMI.

It should be mentioned that characterization of the cells delivered in the present
study did not follow recommendations published in a joint position statement by the
International  Federation for  Adipose  Therapeutics  and Science  (IFATS)  and the
International Society for Cellular Therapy (ISCT) in 2013 regarding SVF and ASCs[30].
In this joint position statement, it  was stated that primary stable positive surface
markers for stromal cells would be CD13, CD29, CD34 (> 20%), CD44, CD73 and
CD90 (> 40%), whereas primary negative surface markers for stromal cells would be
CD31 (< 20%) and CD45 (< 50%)[30].  Furthermore,  at  least  20% of the SVF would
contain a stromal cell population that is immunopositive for the surface marker CD34
and  immunonegative  for  the  surface  markers  CD31,  CD45  and  CD235a  (i.e.,
CD31-/CD34+/CD45-/CD235a-  cells)[30].  This  statement  was  based  on  an  earlier
position statement published by ISCT in 2006 that  described “being adherent  to
plastic, expressing the surface markers CD73, CD90 and CD105, and having the ability
to differentiate into osteoblasts,  adipocytes and chondrocytes[68]” as the minimal
criteria  for  defining  MSCs.  However,  it  should  be  pointed  out  that  a  major
shortcoming of  this  definition of  multipotent  MSCs is  the fact  that,  for  example,
fibroblasts also adhere to plastic and express the surface markers CD73, CD90 and
CD105, without having the ability to transdifferentiate into other lineages or being
MSCs[64]. Furthermore, true pluripotent stem cells do not yet express CD73, CD90 and
CD105[24].  Besides  this,  a  recent  study  compiled  the  relative  amount  of  ADRCs
expressing the surface markers CD13, CD29, CD34, CD44, CD73, CD90, CD31 and
CD45, as reported in all studies describing enzymatic and non-enzymatic methods for
isolating ADRCs that were published so far[24].  In brief,  it  was found that (1)  the
relative amount of CD34+  cells  was determined for only very few methods,  with
substantial variation among methods (ranging between 35%-81%); (2) the relative
amount of CD45+ cells varied between 6%-82% among published studies; (3) relative
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Figure 13

Figure 13  Improvement or deterioration of regional replacement fibrosis after delivery of UA-ADRCs or
saline. The panel shows mean and standard error of the mean of the results of replacement fibrosis analysis (as
explained in detail in the main text) of segments that are assigned to the territory of the left anterior descending artery
in the human heart LAD segments; analysis is also shown for segments that are assigned to the territory of the right
coronary artery and the left circumflex coronary artery in the human heart (non-LAD segments) of animals in group 1
[delivery of UA-ADRCs) (green boxes) and group 2 (delivery of saline as control) (red boxes). Data above the zero
line indicate improvement, and data below the zero line deterioration. Results of Bonferroni's multiple comparison
tests are indicated (bP < 0.01). LAD: Left anterior descending; UA-ADRCs: Fresh, uncultured, unmodified, autologous
adipose-derived regenerative cells.

amounts of CD13+ cells, CD29+ cells, CD44+ cells, CD73+ cells, CD90+ cells and CD31+

cells  were  only  determined  for  a  few  methods;  and  (4)  the  relative  amount  of
CD31-/CD34+/CD45-/CD235a-  cells  (as  proposed in[30])  was not  reported for any
method[24]. Collectively, these data render the determination of ADRC surface markers
as proposed by IFATS and ISCT[30,68] to not be suitable. This was the reason why no
such characterization as proposed by IFATS and ISCT[30,68]  was performed in this
study.

Unlike  cultured  cells,  UA-ADRCs  cannot  be  labeled.  Accordingly,  it  is  more
complex to assess the fate of UA-ADRCs after delivery, unlike in the case of allogenic
adipose-derived regenerative cells, or in the case of cultured cells that were labeled in
culture. Allogenic adipose-derived regenerative cells can be identified in the host
tissue using immunohistochemistry[69], and labeled cells can be identified in the host
tissue  using  immunohistochemistry[70],  T2*  MRI[71]  or  single-photon  emission
computed tomography[53]. It is crucial to keep in mind that all this is not possible in
the case of UA-ADRCs. It is not possible to collect conditioned medium from UA-
ADRCs, nor is it feasible for cultured cells[72]. These factors limit the evaluation of the
exact molecular or cellular effects of UA-ADRCs on the therapeutic outcome after MI.

In our study, the delivery of UA-ADRCs in CMI resulted in an increased mean
mass of the left ventricle, and a reduced mean relative amount of scar volume of the
left  ventricular  wall  (Figures  11-13).  In  this  regard,  it  is  critical  to  note  that  in
treatments of acute MI, stem cells act via different molecular and cellular mechanisms
of action than in treatments of chronic MI. In the case of acute MI, the predominant
effect of stem cell application may be the prevention of cardiomyocyte apoptosis[73].
However, in our study, delivery of UA-ADRCs into the LAD vein took place 4 wk
post-MI. A study on a rat model of MI demonstrated high numbers of active caspase-3
immunopositive (i.e., apoptotic) cells in cardiomyocytes and nonmyocytes at 7-10 d
post-MI,  but  not  at  28  d  post-MI[8].  Accordingly,  in  the  case  of  chronic  MI,  the
predominant  effect  of  stem  cell  application  may  be  the  enhancement  of  the
neovascularization response after MI (demonstrated in Figure 5 as well as in[38,40,41]),
and the formation of new cardiomyocytes. With regard to the latter, it was a recent
key finding that endogenous cardiomyocyte generation can be activated by exercise in
the normal and injured adult mouse heart[74]. This obviously does not exclude that the
UA-ADRCs applied in this study may also have exerted their function by any (or a
combination of several) of the molecular and cellular mechanisms that were described
in  the  literature  (such  as  beneficial  effects  on  the  ratio  between  matrix
metalloproteinases and tissue inhibitors of  metalloproteinases,  reduced collagen
expression,  inhibited  growth  of  cardiac  fibroblasts,  and  limited  local
inflammation[75-78]).

Our study has some limitations. One limitation is that only a specific combination
of cell type, cell dose, cell delivery route and timing of cell delivery was tested, and
this was performed in a pre-determined location of CMI with uniform infarct size.
However, it turned out that this specific combination of cell type, dose, delivery route

WJSC https://www.wjgnet.com October 26, 2019 Volume 11 Issue 10

Haenel A et al. Stem cells for chronic myocardial infarction

849



Table 2  Details of studies that addressed delivery of cultured cells (adipose-derived stem cells, bone marrow-derived stem cells,
cardiosphere-derived cells, and c-Kit-positive cardiac stem cells) at a later time after experimentally-induced myocardial infarction in
porcine models

Ref. Johnston et al[38]

Species Swine (farm and miniature pigs; age and body weight of the animals not
provided)

Duration of LAD occlusion 150 min

Cells CDCs

Source of cells

No. of cells 300000 cells/kg body weight

Delivery time 4 wk after MI

Delivery route Intracoronary

Investigated groups of animals Group B (group 3 in Figure 14): 300000 cells/kg body weight

Group A (group 4 in Figure 14): Control group

Follow-up 8 wk after delivery of cells (12 wk post-MI)

Use of cardiac MRI Yes (3T; Siemens, Erlangen, Germany)

mLVEF before MI

mLVEF after MI 37.8% (group A) and 39.5% (group B)

mLVEF at follow-up 37.6% (group A) and 37.0% (group B)

ΔmLVEF (absolute numbers) -0.2% (group A) and -1.5% (group B)

ΔmLVEF (relative numbers) -0.5% (group A) and -6.3% (group B)

mScVol after MI 19.2% (group A) and 17.7% (group B)

mScVol at follow-up 14.2% (group A) and 15.3% (group B)

ΔmScVol (absolute numbers) -5.0% (group A) and -2.4% (group B)

ΔmScVol (relative numbers) -26.0% (group A) and -13.6% (group B)

Ref. Blázquez et al[39]

Species Large white pigs (3-4 mo old; body weight 30-35 kg)

Duration of LAD occlusion 90 min

Cells Allogeneic CDCs

Source of cells Large White pigs

No. of cells 300000 cells/kg body weight

Delivery time 7 wk after MI

Delivery route Intrapericardial injection

Investigated groups of animals Group A (group 5 in Figure 14): 300000 cells/kg body weight (n = 4)

Follow-up 4 wk after delivery of cells (11 wk post-MI)

Use of cardiac MRI Yes (1.5 T; Intera, Philips Medical System, Eindhoven, Netherlands)

mLVEF before MI

mLVEF after MI 39.4

mLVEF at follow-up (4 wk) 40.2

ΔmLVEF (absolute numbers) +0.8%

ΔmLVEF (relative numbers) +2.0%

mScVol after MI 10.2%

mScVol at follow-up 8.7%

ΔmScVol (absolute numbers) -1.5%

ΔmScVol (relative numbers) -17.2%

Notes No control group

Ref. Tseliou et al[40]

Species Female Yucatan mini pigs (body weight 40-45 kg); age of the animals not
provided

Duration of LAD occlusion 150 min

Cells Allogeneic CDCs

Source of cells Male donor Sinclair pigs

No. of cells 12.5 × 106

Delivery time 3 wk after MI

Delivery route Intracoronary
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Investigated groups of animals Group A: Single-vessel LAD arterial infusion under stop-flow (n = 5)

Group B: Single-vessel LAD arterial infusion under continuous flow (n = 5)

Group C: Multi-vessel control group (n = 5)

Group D: Multi-vessel (LAD, LCX and RCA) under stop-flow (n = 5)

Group E (group 6 in Figure 14): Multi-vessel (LAD, LCX and RCA) under
continuous flow (n = 6)

Group F (group 7 in Figure 14): Control group (n = 5)

Follow-up 7 wk after delivery of cells (4 wk post-MI)

Use of cardiac MRI Yes (3T; Siemens, Erlangen, Germany)

mLVEF before MI

mLVEF after MI 47.7% (group A), 43.5% (group B), 46.2% (group C), 48.1% (group D) and
47.4% (group E) and 44.8% (group F)

mLVEF at follow-up 44.9% (group A), 41.6% (group B), 40.3% (group C), 45.6% (group D) and
46.9% (group E) and 37.9% (group F)

ΔmLVEF (absolute numbers) -2.76% (group A), -1.9% (group B), -5.9% (group C), -2.4% (group D) and -
0.5% (group E) and -6.9% (group F)

ΔmLVEF (relative numbers) -6.1% (group A), -4.5% (group B), -14.5% (group C), -5.3% (group D) and -
1.0% (group E) and -18.3% (group F)

mScVol after MI 17.1% (group A), 17.0% (group B), 17.6% (group C), 15.8% (group D) and
14.6% (group E) and 16.0% (group F)

mScVol at follow-up 14.7% (group A), 15.9% (group B), 14.2% (group C), 11.4% (group D) and
11.9% (group E) and 12.1% (group F)

ΔmScVol (absolute numbers) -2.4% (group A), -1.1% (group B), -3.4% (group C), -4.4% (group D) and -
2.7% (group F) and -3.9% (group F)

ΔmScVol (relative numbers) -16.4% (group A), -6.9% (group B), -24.1% (group C), -38.1% (group D) and -
22.5% (group E) and -31.8% (group F)

Ref. Dariolli et al[41]

Species Female Sus scrofa domestica pigs (body weight 15-20 kg); age of the animals
not provided

Duration of LCX occlusion Permanent occlusion

Cells Allogeneic ASCs (passage 4)

Source of cells Not provided

No. of cells Between 1 × 106 and 4 × 106

Delivery time 4 wk after MI

Delivery route Transpericardial intramyocardial injection (20 different sites around the
border of MI)

Investigated groups of animals Group A: 1 × 106 cells/kg body weight (n = 6)

Group B: 2 × 106 cells/kg body weight (n = 7)

Group C (group 8 in Figure 14): 4 × 106 cells/kg body weight (n = 5)

Group D (group 9 in Figure 14): Control group (n = 7)

Follow-up 4 wk after delivery of cells (8 wk post-MI)

Use of cardiac MRI No

mLVEF before MI

mLVEF after MI 48.4% (group A), 46.7% (group B), 48.7% (group C) and 44.9% (group D)

mLVEF at follow-up 40.6% (group A), 42.2% (group B), 50.0% (group C) and 35.9% (group D)

ΔmLVEF (absolute numbers) -8.2% (group A), -4.5% (group B), +1.3% (group C) and -9.0% (group D)

ΔmLVEF (relative numbers) -20.2% (group A), -10.7% (group B), +2.6% (group C) and -25.1% (group D),

mScVol after MI Not provided

mScVol at follow-up Not provided

ΔmScVol (absolute numbers) Not provided

ΔmScVol (relative numbers) Not provided

Notes Measurements of LVEF were performed with echocardiography

Ref. Natsumeda et al[42]

Species Female Göttingen swine; age and body weight of the animals not provided

Duration of LAD occlusion 150 min

Cells Allogeneic BMSCs and allogeneic CSCs

Source of cells Male Yorkshire swine

No. of cells Between 1 × 106 and 2 × 108

Delivery time 3 mo after MI
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Delivery route Transendomyocardial intramyocardial injection (TESI) 10 different sites
around the border of MI

Investigated groups of animals Group A: 2 × 108 BMSCs (n = 8)

Group B: 1 × 106 CSCs (n = 4)

Group C (group 10 in Figure 14): 1 × 106 CSCs + 2 × 108 BMSCs (n = 7)

Group D (group 11 in Figure 14): Control group (n = 6)

Follow-up 3 mo after delivery of cells (6 mo post-MI)

Use of cardiac MRI Yes (3T; TIM Trio; Siemens, Erlangen, Germany)

mLVEF before MI 55.3% (group A), 55.2% (group B), 53.8% (group C) and 57.7% (group D)

mLVEF after MI 37.1% (group A), 43.3% (group B), 39.7% (group C) and 41.7% (group D)

mLVEF at follow-up 36.5% (group A), 43.1% (group B), 41.6% (group C) and 40.7% (group D)

ΔmLVEF (absolute numbers) -0.6% (group A), -0.2% (group B), +1.9% (group C) and -1.0% (group D)

ΔmLVEF (relative numbers) -1.6%( group A), -0.5% (group B), +4.6% (group C) and -2.5% (group D)

mScVol after MI 16.9% (group A), 12.8% (group B),15.5% (group C) and 17.5% (group D)

mScVol at follow-up 13.7% (group A), 12.4% (group B), 12.5% (group C) and 19.9% (group D)

ΔmScVol (absolute numbers) -3.2% (group A), -0.4% (group B), -3.0% (group C) and +2.4% (group D)

ΔmScVol (relative numbers) -23.4% (group A), -3.2% (group B), -24.0% (group C) and +12.1% (group D)

Unlike in the present study, Johnston et al[38] identified hyper-enhancement as areas of signal intensity > 2 standard deviations greater than normal
myocardium (> 5 standard deviations in the present study). LAD: Left anterior descending artery; LCX: Left circumflex artery; mLVEF: Mean left
ventricular ejection fraction; MI: Myocardial infarction; mScVol: Mean relative amount of scar volume of the left ventricular wall.

and timing outperformed the state-of-the-art (Figure 14), highlighting the significance
of the results presented in this study. Another limitation is that we did not determine
aggregate  numbers  of  cardiomyocytes,  which  is  the  only  way  to  unequivocally
determine whether a certain therapy increased the number of cardiomyocytes in
MI/IHD. The design-based stereologic “optical fractionator” is the state-of-the-art
methodology for determining total numbers of cells in an organ[79], and determination
of total numbers of cardiomyocytes using the optical fractionator was conclusively
demonstrated in the literature[80]. However, to our knowledge, studies on cell-based
therapies for MI in which total numbers of cardiomyocytes were investigated using
design-based stereology have not yet been published, which is most likely due to the
complexity of the necessary histologic analyses. The same applies to the analysis of
microvessel  density and network complexity as a function of  the distance to the
myocardial infarction zone, as well as to the determination of proliferating cells (both
endogenous and delivered ones) and the quantification of numbers of delivered cells
that have differentiated into either cardiomyocytes or cells in vessel walls (the latter
requiring analysis of both absolute and relative numbers, related to the total number
of cardiomyocytes and the number of cells participating in the formation of vessel
walls). Development of adequate methods in quantitative histology/design-based
stereology are currently underway, and will allow such studies to be reported in the
foreseeable future.

In conclusion, the present study indicates that the delivery of UA-ADRCs by a
balloon-blocked retrograde venous injection 4 wk after MI is effective, producing a
significant increase in cardiac output and significant reduction in the relative amount
of scar volume of the left ventricular wall, without adverse effects occurring during
the  observation  period.  Our  results  could  trigger  further  studies  relating  to:
Evaluation of different doses, delivery route, and timing of UA-ADRCs for treating
CMI (including the isolation procedure used) as presented here in future clinical trials
under strict criteria, as recently suggested[17].
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Figure 14

Figure 14  Comparison of studies on cell therapy for chronic MI using porcine models. A, B: Change in mean left ventricular ejection volume (LVEF) (A) and
mean relative amount of scar volume of the left ventricular wall (ScVol) (B) from the time immediately before delivery of cells (yellow squares; groups 1, 3, 5, 6, 8 and
10) or control treatment (blue squares; groups 2. 4. 7, 9 and 11), respectively, to follow-up (yellow and blue dots) in the present study (groups 1 and 2) and in all
studies on cell therapy for chronic myocardial infarction (> 4 wk) using porcine models that were published to date (groups 3-11; specified in detail in Table 2; note that
no control group was investigated in[39]). If more than one cell therapy was tested in a study (Table 2), the results of the therapy with the most satisfactory outcome
are displayed. The information provided on top of Panel A specifies the number of the study in the reference list, the coronary artery that was occluded for
experimental MI induction, the duration of occlusion, the interval between experimental MI induction and delivery of cells, and the delivered cell types. The dotted blue
line in (A) indicates the border between a moderately reduced LVEF and a reduced LVEF, according to the guidelines for the diagnosis and treatment of acute and
chronic heart failure published by the European Society of Cardiology in 2016[36]. MI: Myocardial infarctions; LAD: Left anterior descending artery; LCX: Left circumflex
artery; BMSCs: Bone marrow-derived stem cells; CDCs: Cardiosphere-derived stem cells; ASCs: Adipose-derived stem cells; CSCs: Cardiac stem cells; UA-ADRCs:
Fresh, uncultured, unmodified autologous adipose-derived regenerative cells.

ARTICLE HIGHLIGHTS
Research background
Cardiovascular  diseases  substantially  contribute  to  morbidity  and  mortality  worldwide.
Myocardial infarction (MI) is one of the most common consequences of ischemic heart disease.
Advanced medical treatments and device-based therapies have substantially improved the
survival of patients with MI. However, these therapies can only rescue the remaining viable
myocardial tissue within the damaged heart, but cannot replace lost myocardium. Accordingly,
numerous studies have investigated cell-based therapies for MI. The conflicting results of these
studies have established the need for developing innovative approaches for applying cell-based
therapy for MI.

Research motivation
Experimental studies on animal models (performed by ourselves and others) demonstrated the
potential of fresh, uncultured, unmodified, autologous adipose-derived regenerative cells (UA-
ADRCs) for treating acute MI. In contrast, studies on the treatment of chronic MI (CMI; > 4 wk
post-MI) with UA-ADRCs have not been published thus far. Our promising results from treating
a porcine model  with UA-ADRCs for  the study of  acute MI (Int  J  Cardiol  2010;  144:  26-35)
motivated us to investigate the effectiveness and safety of UA-ADRCs for treating CMI in a
porcine model. Besides this, as one of several methods for delivering cells to the myocardium,
retrograde delivery into a temporarily blocked coronary vein has recently been demonstrated to
be an effective option.
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Research objectives
Our study aimed to test (in a porcine model for the study of CMI) the following hypotheses: (1)
Occlusion of the left anterior descending (LAD) coronary artery for three hours results in a
clinically relevant reduction of the left ventricular ejection fraction (LVEF) to less than 40% on an
average of 4 wk post-MI (demonstrating significance of the used animal model); (2) Delivery of
UA-ADRCs into the LAD vein 4 wk post-MI in this model leads to improved LVEF by more than
15% (relative change) on an average of 10 wk post-MI (primary objective of this study); and (3)
The same animal model shows improvements in cardiac structure 6 wk after the delivery of UA-
ADRCs (i.e. 10 wk post-MI) (secondary objective of this study).

Research methods
The LAD coronary artery of pigs was blocked for 180 min at time point T0. Then, either 18×106

UA-ADRCs prepared at “point of care” or saline as control were retrogradely delivered via an
over-the-wire balloon catheter placed in the temporarily blocked LAD vein 4 wk after T0 (T1).
Effects of cells or saline were assessed by cardiac magnetic resonance (CMR) imaging, late
gadolinium enhancement CMR imaging and post mortem histologic analysis 10 wk after T0 (T2).

Research results
Unlike the delivery of saline, the delivery of UA-ADRCs demonstrated statistically significant
improvements in cardiac function and structure at T2 compared to T1: increased mean LVEF
(UA-ADRCs group: +18%; saline group: -4.2%), increased mean cardiac output (UA-ADRCs
group: +41%; saline group: +5.9%), increased mean mass of the left ventricle (UA-ADRCs group:
+29%;  saline  group:  +8.2%)  and reduced mean relative  amount  of  scar  volume of  the  left
ventricular wall (UA-ADRCs group: -21%; saline group: +29%).

Research conclusions
The present study indicates that delivery of UA-ADRCs by a balloon-blocked retrograde venous
injection 4 wk after  MI is  effective,  producing a significant  increase in cardiac output and
significant reduction in the relative amount of scar volume of the left ventricular wall, without
adverse effects occurring during the observation period.

Research perspectives
Our results justify the evaluation of a new combination of UA-ADRCs (including the isolation
procedure), dose, delivery route and timing presented here in future clinical trials for treating
CMI under strict criteria, as recently suggested by the European Society of Cardiology Working
Group Cellular Biology of the Heart (Eur Heart J 2016; 37: 1789-1798), which includes the use of
CMR imaging and clinically-relevant endpoints.
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