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Ayelet Chajut, PhD,d Carsten Tschöpe, MD,b and Christof Stamm, MDa,b,*
a

Berlin-Center for Regenerative Therapies (BCRT), Berlin, Germany
Deutsches Herzzentrum Berlin, Cardiothoracic Surgery, Berlin, Germany
c
Heart Center, University of Cologne, Cardiothoracic Surgery, Cologne, Germany
d
Pluristem Therapeutics Inc, Haifa, Israel
b

article info

abstract

Article history:

Background: Autologous cells for cell therapy of ischemic cardiomyopathy often display

Received 25 February 2013

age- and disease-related functional impairment, whereas an allogenic immunotolerant cell

Received in revised form

product would allow off-the-shelf application of uncompromised donor cells. We investi-

15 May 2013

gated the cardiac regeneration potential of a novel, clinical-grade placenta-derived human

Accepted 23 May 2013

stromal cell product (PLX-PAD).
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Methods: PLX-PAD cells derived from human donor placentas and expanded in a threedimensional bioreactor system were tested for surface marker expression, proangio-
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genic, anti-inflammatory, and immunomodulatory properties in vitro. In BALB/C mice, the
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left anterior descending artery was ligated and PLX-PAD cells (n ¼ 10) or vehicle (n ¼ 10)

Cell therapy

were injected in the infarct border zone. Four weeks later, heart function was analyzed by

Heart

two-dimensional and M-mode echocardiography. Scar size, microvessel density, extra-

Placenta cells

cellular matrix composition, myocyte apoptosis, and PLX-PAD cell retention were studied

Angiogenesis

by histology.
Results: In vitro, PLX-PAD cells displayed both proangiogenesis and anti-inflammatory
properties, represented by the secretion of both vascular endothelial growth factor and
angiopoietin-1 that was upregulated by hypoxia, as well as by the capacity to suppress Tcell proliferation and augment IL-10 secretion when co-cultured with peripheral blood
mononuclear cells. Compared with control mice, PLX-PAD-treated hearts had better
contractile function, smaller infarct size, greater regional left ventricular wall thickness,
and less apoptosis after 4 wk. PLX-PAD stimulated both angiogenesis and arteriogenesis in
the infarct border zone, and periostin expression was upregulated in PLX-PAD-treated
hearts.
Conclusions: Clinical-grade PLX-PAD cells exert beneficial effects on ischemic myocardium
that are associated with improved contractile function, and may be suitable for further
evaluation aiming at clinical pilot trials of cardiac cell therapy.
ª 2013 Elsevier Inc. All rights reserved.
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1.

Introduction

In clinical cardiovascular cell therapy, using both surgical and
catheter-based approaches, numerous trials using autologous
bone marrowe or adipose tissueederived cell products have
produced, at best, modestly positive results [1]. One of the
reasons appears to be the age and disease-related impairment
of autologous progenitor cell function [2e4]. Moreover, the
preparation of autologous cell products can be logistically
challenging and time-consuming. The use of allogenic cell
products could therefore be advantageous, provided they do
not elicit a relevant immune response. Bone marrowederived
allogenic cell products have already been subjected to clinical
testing in patients with heart disease [5], and the feasibility of
this approach was demonstrated. The placenta represents
a rich source of cells that share numerous characteristics of
multipotent stromal cells. Derived from “waste tissue,” placenta mesenchymal stem cell (MSC)-like cells can be obtained
in large quantities by expansion in a bioreactor system.
PLacental eXpanded cells (PLX-PAD) are mesenchymal-like
adherent stromal cells derived from full-term placentas following a cesarean section. Their production process according
to good manufacturing practice consists of isolation and
culturing of the adherent stromal cells in tissue culture flasks
followed by a three-dimensional growth phase on fibrous
carriers in a closed bioreactor system. Cells are then harvested
and stored frozen in liquid nitrogen as an allogenic “off-theshelf” product. PLX-PAD cells were shown to be potent
supporters of angiogenesis in a mouse model of hind limb
ischemia [6], and recently a clinical phase I study has shown
that PLX-PAD cells can be safely administered to patients with
critical limb ischemia without surgical revascularization
options and improve lower limb blood supply (NCT00951210).
In view of the potential application of PLX-PAD cells in patients
with ischemic heart disease, we tested the effects of PLX-PAD
cells in a mouse model of myocardial infarction.

2.

Methods

2.1.

PLX-PAD cell preparation

Full-term human placentas were obtained from healthy
donors who gave informed consent in accordance with the
Declaration of Helsinki and were processed at Pluristem Inc,
Haifa, Israel. The protocol was approved by the ethics committees of Bnai Zion Medical Center (No. 0074-10-BNZ) and
Rambam Medical Center (No. 3187). The details of the PLXPAD production process have been described before [7].
Adherent cells were first selected and grown in twodimensional (2-D) culture flasks, followed by further expansion in a dedicated bioreactor system on a fibrous carrier
material. Cells were shipped frozen, thawed immediately
prior to the experiment, and injected in vivo without further
cultivation steps.

2.2.

In vitro PLX-PAD characterization

The PLX-PAD batch used in this study is composed from
adherent cells, of which approximately 90% were positive for
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XX chromosomes by fluorescence in situ hybridization,
confirming their predominantly maternal origin when the
child was male.

2.3.

Immune-phenotyping

PLX-PAD cells were thawed; washed; resuspended in FACS
buffer, which consisted of phosphate-buffered saline (PBS)
with 1% fetal bovine serum (FBS); and aliquoted for immunestaining (w200,000 cells/tube). Fluorescein isothiocyanatee or
phycoerythrin-conjugated mouse anti-human monoclonal
antibodies (Becton Dickinson, Heidelberg, Germany) of
interest (mesenchymal markers and leukocyte markers or
their isotypes) were added and cells were subjected to flow
cytometry in a Beckman Coulter FC-500 (Beckman Coulter,
Krefeld, Germany) system.

2.4.

Hypoxia-induced protein secretion profile

PLX-PAD cells were thawed in low-glucose Dulbecco’s modified Eagle’s medium (Sigma Aldrich, St. Louis, MO) with 10%
FBS (Biological Industries, Beit-Haemek, Israel) and 2 mM Lglutamine, and seeded in 6-well plates at a density of 0.5  106
cells per well. After 24 h the medium was changed to Endothelial Basal Medium-2 (EBM-2) (Lonza, Basel, Switzerland)
and the plates were incubated at normoxia or hypoxia (1% O2)
for 24 h. Conditioned medium was collected, concentrated 10fold by centrifugation, and analyzed using a fluorescence
angiogenesis protein array assay (RayBio, Norcross, GA).

2.5.
Inhibition of peripheral blood mononuclear cell
proliferation
Peripheral blood mononuclear cells (PBMCs) were isolated
from human peripheral blood (purchased from Magen David
Adom Blood Bank, Ramat Gan, Israel) using Lymphoprep
(Fresenius Kabi, Bad Homburg, Germany) density separation
at 2000 rpm for 30 min. The PBMC layer was collected and
washed with Hanks Buffer (Invitrogen, Carlsbad, CA). PLXPAD cells were thawed and seeded in a 96-well plate in triplicates of 20,000 and 40,000 cells/100 mL in Rosewell Park
Memorial Institute (RPMI) medium (Invitrogen) per well.
PBMCs were stimulated with phytohemagglutinin (PHA)
(Sigma Aldrich, 20 mg/mL). One hundred microliters of the
stimulated PBMC suspension was added to the wells (200,000
PBMCs per well). The co-culture was incubated for 3 d before
the PBMC proliferation rate was measured using the Click-iT
assay (Invitrogen). The percentage of proliferating cells in
the population was determined by flow cytometry.

2.6.
Induction of interleukin 10 secretion when
co-cultured with lipopolysaccharide-activated PBMCs
PLX-PAD cells were thawed into RPMI medium, seeded in
a 96-well plate in replicates of 6 (100,000 cell/50 mL RPMI/well),
and incubated for 24 h. After 24 h PBMCs were seeded in the
same plate with or without lipopolysaccharide (LPS; Sigma
Aldrich), at final concentration of 7.5 mg/mL, to create
a co-culture or appropriate controls. After 5 h incubation,
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conditioned media were collected from the wells and submitted to interleukin (IL)-10 concentration quantification
using sandwich enzyme-linked immunosorbent assay
(Quantikine; R&D Systems, Minneapolis, MN).

2.7.
Endothelial cell proliferation in the presence
of PLX-PAD-derived conditioned media
PLX-PAD cells were thawed into low-glucose DMEM (Sigma
Aldrich) with 10% FBS and L-glutamine (Sigma Aldrich) and
seeded in 6-well plates (0.5  106 cells/well). After 24 h the
medium was changed to EBM-2 (Lonza) and the plates were
incubated for an additional 24 h in hypoxia (1% O2). The
conditioned medium was mixed 1:1 with EBM-2 (10% FBS) and
added to a 1-d-old culture of human umbilical vein endothelial cells (HUVEC; Lonza) plated in 96-well plates (750 cells/
well). EBM-2 with 5% FBS was used as a negative control. After
4 d, HUVEC proliferation rate was assessed with AlamarBlue
(AbD Serotec, Raleigh, NC).

2.8.

Animal experiments

Fully immunocompetent male BALB/c mice aged 6e8 wk
(Charles River, Sulzfeld, Germany) with 25e28 g body weight
were used for this study. The protocol including surgery
and all follow-up examinations was approved by the Landesamt für Gesundheit und Soziales Berlin (State Office of
Health and Social Affairs Berlin, authorization number G0456/
08) and conforms to Directive 2010/63/EU of the European
Union.

2.9.

Induction of acute myocardial infarction

Anesthesia was induced by intraperitoneal administration of
a mixture of ketamine (50e80 mg/kg or 1.5 mg/mouse) and
xylazine (10e16 mg/kg or 0.3 mg/mouse). After intubation,
mice were ventilated with a Minivent volume-controlled
animal ventilator (FMI, Seeheim-Ober Beerbach, Germany).
Anesthesia depth was considered adequate when there was
no response to tactile stimuli and the hindlimb pedal withdrawal reflex provoked with metal forceps was absent [8].
Following left thoracotomy, the pericardium was opened and
the left anterior descending artery (LAD) was exposed and
ligated using a 7-0 polypropylene suture at the level of the
lower edge of the left atrial appendage. Twenty-five microliters of PBS containing 2.5  106 PLX-PAD cells (n ¼ 10) or PBS
(n ¼ 10) was injected at five points around the peri-infarct area
(5 mL at each point). The cells were injected immediately
following LAD ligation, when myocardial infarction was
evident by discoloration of the downstream myocardium and
the animal appeared in stable condition. Success of the cell
injection was confirmed by a small blister at the injection site
when the cell product was deposited. No live cell tracking
techniques were employed. We aimed at closing the chest as
soon as possible to minimize the impact of the procedure on
the animals. Five animals underwent a sham operation; the
chest was opened and closed but the heart was not manipulated. Following surgery, mice received flunixin meglumine
(2.5 mg/kg) subcutaneously every 12 h for 72 h for pain relief
and were allowed to survive for 4 wk.

2.10.

Echocardiography

Four weeks after induction of myocardial infarction, echocardiography was performed using a Vivid Seven digital ultrasound system (General Electrics, Horton, Norway) with
a Matrix 12-Mhz linear probe. This system has previously been
used for echocardiography in mice and rats [9]. Sedation was
induced by administering a mixture of ketamine (25e60 mg/kg
or 0.75 mg/mouse) and xylazine (5e15 mg/kg or 0.15 mg/
mouse). Sedation depth was considered adequate when there
was delayed response to tactile stimuli. On 2-D images left
ventricular (LV) end-systolic and end-diastolic volume was
determined by manual tracing and left ventricular ejection
fraction (LVEF) was calculated accordingly. Stroke volume (SV)
was calculated as SV [mL] ¼ CSA [cm2]  VTI [cm], where CSA is
cross-sectional area and VTI is velocity time integral. Strain
analysis of the 2-D echocardiography images was performed
off-line on a personal computer with the aid of a customized
software package (EchoPAC; General Electrics) using two
consecutive cardiac cycles of acquired loops. This system
allows analysis of peak systolic longitudinal strain based on
detection of natural acoustic markers within the myocardium
and an algorithm that follows the acoustic markers during
several consecutive frames (speckle tracking). The mean value
of many individual strain data was used to compute instantaneous strain curves for predefined LV segments. Peak systolic
strain was the maximum strain during systole. Segments
with insufficient tracking quality were dismissed. Regional
contractile function was evaluated by computing the ratio
of strain values in the anterior infarct zone (area-of-interest;
AOI) and the noninfarcted posteroinferior LV wall (reference
area). In addition, wall thickening in the AOI and the reference
area was measured by M-mode echocardiography. The investigators performing echocardiography and analyzing the data
were blinded with regard to the group assignment of the mice.

2.11.

Histology

Following echocardiography, mice were sacrificed by cervical
dislocation while they were still sedated, the chest was
opened, and the hearts were excised. Hearts were fixed using
4% paraformaldehyde and sliced into 3 parts comprising the
base, middle section, and apex, which were then embedded in
paraffin. Following microtome sectioning, 5-mm paraffin
sections were mounted on glass slides, deparaffinized in Rotihistol (Carl Roth, Karlsruhe, Germany), rehydrated using
sequential ethanol treatment, and used either for conventional histology or for immunohistochemical analysis. The
investigators involved in the histology studies were blinded
with regard to the group assignment of the mice.

2.12.

Quantification of infarct size

Following Masson trichrome staining (Sigma Aldrich) and
microscopic imaging, the area of the infarcted and healthy
myocardium was calculated by planimetry using the imaging
software ImageJ (National Institutes of Health, Bethesda, MD).
The percentage of infarcted myocardium was calculated with
respect to the total area of the left ventricular myocardium
including the septum.
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2.13.

TUNEL assay

Apoptotic cells were detected in sections by end-labeling
the fragmented DNA using the DeadEnd Colorimetic TUNEL
System (Promega, Madison, WI) according to the manufacturer’s instructions. TUNEL-positive cells were calculated as
cells per area of heart tissue [10].

2.14.

Cardiac extracellular matrix remodeling

Infarct tissue remodeling processes were qualitatively assessed by immunohistochemistry for periostin and fibronectin.
Deparaffinized paraffin sections were heated at 96 C
in sodium citrate buffer for 30 min to unmask antigens.
Unspecific binding was blocked using 5% normal goat serum
in PBS. Tissue sections were incubated with anti-mouse antiperiostin antibody (Acris Antibodies, Herford, Germany) or
anti-mouse anti-fibronectin antibody (Abcam, Cambridge,
United Kingdom) for 1 h at room temperature, followed by
incubation with anti-mouse or anti-rabbit secondary antibody
conjugated to Alexa Fluor 647 (Invitrogen). Nuclei were
counterstained with 40 ,6-diamidino-2-phenylindole (DAPI)
(Invitrogen). Tissue sections were analyzed by fluorescence
microscopy.

2.15.

Large vessel count

Arteriogenesis in the infarct border zone and in remote
healthy myocardium was assessed following Masson trichrome staining and CD31 immunostaining (see below). Large
blood vessels with a distinct adventitial connective tissue
layer, smooth muscleecontaining media, and endothelial
layer were counted using a light microscope and expressed as
large vessels per heart section at 204 magnification.

2.16.

CD31 staining

Deparaffinized paraffin sections were heated to 98 C in citrate
buffer to unmask antigens. Sections were treated with 3%
hydrogen peroxide to inhibit endogenous peroxidase activity.
Unspecific binding of antibodies was inhibited using a mixture
of 5% milk and 5% normal goat serum solution (Chemicon,
Temecula, CA). Tissue sections were incubated with antimouse anti-CD31 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) for 1 h at room temperature followed by incubation
with biotinylated anti-rabbit secondary antibody (Vector
Laboratories, Burlingame, CA) for 1 h at room temperature. The
horseradish peroxidase (Vector Laboratories) was developed
using diaminobenzidine (DAB) (Carl Roth, Karlsruhe, Germany).
Nuclei were counterstained using Mayer’s hematoxylin (Carl
Roth). Sections were then studied using an Olympus BX61 light
microscope (Olympus, Hamburg, Germany).

2.17.

Caveolin-1 staining

Capillary vessels were also detected using a monoclonal
antibody against caveolin-1 (1:100; Acris Antibodies, Herford,
Germany) and visualized by an Alexa Fluor 488econjugated
secondary goat anti-mouse antibody (1:200; Invitrogen). For
nuclear counterstaining the slides were incubated with DAPI
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(1:1000; Invitrogen). The slides were visualized on a Nikon
Eclipse Ti-U microscope equipped with visible/UV/fluorescent
objectives (4e100), xenon light source, and appropriate
excitation/emission filter sets. Images were recorded using
a Nikon cooled CCD camera and analyzed using the Nikon
software NIS elements BR 3.0 (Nikon, Düsseldorf, Germany).
To determine capillary density, 15 randomly selected fields of
the left ventricular free wall of tissue cross-sections from
three slides per animal were examined (taken from the apex,
the middle, and the heart base).

2.18.

Human nuclear antigen immunostaining

Deparaffinized paraffin sections were heated to 96 C in citrate
buffer to unmask antigens. Unspecific binding was blocked by
incubating sections with 5% normal goat serum (Chemicon).
Following blocking, sections were incubated with mouse antihuman nuclear antigen primary antibody (Chemicon).
Sections were then incubated with goat anti-mouse Alexa 647
(Molecular Probes) secondary antibody and nuclei were
counterstained with DAPI (Invitrogen). Human foreskin
fibroblast cells were used as a positive control. Cells were
grown to confluence, fixed with 4% paraformaldehyde, permeabilized with 0.1% triton-X-100, and further stained in
a way similar to tissue sections. Sections and cells were
analyzed using a fluorescence microscope.

2.19.

Detection of plasma interleukin 10

Because in vitro PLX induced IL-10 secretion from mononuclear cells, murine IL-10 plasma levels were measured. At
the time of sacrifice, 500 mL blood was collected from the heart
from PLX-PAD-treated and control mice. Plasma was prepared
by centrifugation of heparinized blood at 3000 rpm for 10 min
at room temperature. The concentration of IL-10 in undiluted
plasma was determined by enzyme-linked immunosorbent
assay (eBioscience, Inc, San Diego, CA) according to manufacturer’s instructions. To increase the sensitivity of the assay
the standard was scaled down to 7 pg/mL.

2.20.

Statistics

Data are expressed as mean  standard error of mean, and
box plots were constructed for echocardiographic LV function
data. Hemodynamic and histologic data were compared using
two-tailed, unpaired Student t-test. More than two groups
were compared using one-way analysis of variance followed
by post hoc Bonferroni test. Proportions were compared by c2
test. P values are given where appropriate, and a P value  0.05
was considered to indicate a significant intergroup difference.
The statistical analysis was performed using IBM SPSS
Statistics software package, release 19 (IBM Corp, Somers, NY).

3.

Results

3.1.

PLX-PAD characterization

3.1.1.

Immunophenotyping

PLX-PAD is composed of mesenchymal-like adherent
stromal cells derived from placenta that express typical MSC
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Fig. 1 e In vitro characteristics of PLX-PAD cells. (A) Surface marker expression of PLX-PAD cells as determined by flow
cytometry. PLX-PAD are CD105D, CD90D, CD29D, CD73D, CD45L, CD19L, CD14L, HLA-DRL, CD31L, CD34L. Cells were
incubated with fluorochrome-conjugated mAbs (solid histograms) or their isotypes (open histograms). (B) Hypoxia-induced
protein secretion. PLX-PAD batches (n [ 4) were incubated for 24 h in normoxia (gray bars) or hypoxia (black bars). (C)
Endothelial cell proliferation in the presence of PLX-PAD-derived conditioned media (n [ 5). HUVEC cells incubated with
hypoxia-conditioned PLX-PAD media for 4 d, resulting in accelerated proliferation. (D) Inhibition of T-cell proliferation.
PBMCs were stimulated with PHA and co-cultured with increasing concentrations of PLX-PAD. PBMC proliferation rate was
inhibited by PLX-PAD in dose-dependent fashion (n [ 3). (E) Induction of leukocyte IL-10 secretion. PLX-PAD cells were
incubated in co-culture with PBMC plate with or without LPS, and IL-10 release in the media was measured (n [ 4).

surface markers such as CD105, CD90, CD29, and CD73
(Fig. 1A, upper panel). Leukocyte lineage markers (CD45,
CD19, CD14, and HLA-DR) (Fig. 1A, lower panel), as well
as endothelial (CD31) or hematopoietic (CD34) cell markers
(data not shown), displayed negligible expression on
PLX-PAD cells.

3.1.2.

PLX-PAD protein secretion profile

The proposed mode of action of PLX-PAD cells involves the
secretion of paracrine factors, and we therefore sought to
analyze proteins in the conditioned medium of cultured PLXPAD in normoxic (21% O2) and hypoxic (1% O2) conditions.
Conditioned media of four different batches of PLX-PAD were
studied using a human antibody angiogenesis array and the
fluorescence intensity of each protein was normalized to the
fluorescence intensity obtained with EBM-2 medium alone.
Figure 1B shows several proangiogenic proteins detected in
PLX-PAD-conditioned medium (n ¼ 4). Vascular endothelial
growth factor (VEGF) and angiopoietin-1 were shown to be
secreted from PLX-PAD and were further elevated in hypoxic
conditions (VEGF, 280  37 versus 1646  441 fluorescence
intensity normalized [FI] units, P ¼ 0.006; angiopoietin, 596 
260 versus 1624  246 FI units, P ¼ 0.0002). There was no
secretion of insulin-like growth factor-1, which has previously
been found to mediate cytoprotective adipose tissue MSC

effects [11]. A hypoxia-induced decrease of tissue inhibitor of
matrix metalloproteinase-1, known to inhibit endothelial cells
in vitro and in vivo [12], was also demonstrated (2029  133
versus 914  257 FI units, P ¼ 0.002).

3.1.3.

Endothelial cell proliferation

To directly assess the proangiogenic capacity of PLX-PAD
cells, we studied the ability of PLX-PAD-conditioned
medium derived from five different batches of cells to
accelerate endothelial cell proliferation in vitro (n ¼ 5). As
demonstrated in Figure 1C, PLX-PAD-conditioned medium
indeed significantly enhanced the proliferation rate of
HUVEC to 153%  12% of that in endothelial basal medium
(P ¼ 0.007).

3.1.4.

Inhibition of PBMC proliferation

PHA is a lectin found in plants and triggers T-lymphocyte
cell division. As expected, PHA stimulation of PBMCs resulted
in considerable proliferation. In this model, addition of
PLX-PAD cells to PHA-stimulated PBMCs clearly inhibited
PBMC proliferation in a dose-dependent manner. A ratio of
1:5 (PLX-PAD to PBMC) resulted in a 47%  4.6% decrease in
PBMC proliferation (n ¼ 3; P ¼ 0.00003; Figure 1D), demonstrating the potent immunomodulating effects of PLX-PAD
cells.

j o u r n a l o f s u r g i c a l r e s e a r c h 1 8 5 ( 2 0 1 3 ) 7 0 e8 3

3.1.5. Induction of IL-10 secretion when co-cultured with LPSactivated PBMCs
IL-10 is a critical component of the host’s natural defense
against pathologic responses to LPS and serves as a major
anti-inflammatory component. The ability of PLX-PAD cells to
induce IL-10 secretion when co-cultured with LPS-activated
PBMCs was studied both in the presence and in the absence
of LPS (n ¼ 4). As shown in Figure 1E, LPS clearly induced IL-10
secretion from PBMCs from 17  4.6 pg/mL to 150  1.5 pg/mL,
and this effect was w2-fold increased following co-culture
with PLX-PAD cells, to 351  56 pg/mL (P ¼ 0.02). Interestingly, co-culturing PLX-PAD with PBMCs, without LPS stimulation, also induced IL-10 secretion, a finding that underscores
the anti-inflammatory activity of PLX-PAD cells.

3.2.
3.2.1.

Animal experiments
Survival

After induction of acute myocardial infarction and injection of
the cell product or placebo, two mice in the control (PBS) group
did not recover and died soon after surgery. In the PLX-PAD
celletreated group, one mouse died early (P ¼ 0.5). All
animals survived the sham operation. No animals died late
during follow-up.

3.2.2.

Echocardiographic assessment of LV function

In PLX-PAD-treated hearts (n ¼ 9), stroke volume was higher
than in placebo-treated control hearts (PLX-PAD, 0.09  0.009
mL versus control, 0.06  0.004 mL, P ¼ 0.01), but cardiac output
in the control group (n ¼ 8) (PLX-PAD, 0.04  0.006 L/min versus
control, 0.04  0.003 L/min, P ¼ 0.9) was preserved via a higher
heart rate (PLX-PAD, 517  37 beats/min versus control, 686 
21 beats/min, P ¼ 0.002) (Fig. 2AeC). Accordingly, fractional
shortening was higher in PLX-PAD-treated hearts (PLX-PAD,
28%  3% versus control, 19%  3%, P ¼ 0.03). We also observed
a trend toward higher LVEF in the PLX-PAD group, but this did
not reach the statistical significance level (PLX-PAD, 57%  4%
versus control, 44%  4%, P ¼ 0.06), while fractional shortening
was significantly increased (Fig. 2D and F). There was no
difference in LV end-diastolic volume (PLX-PAD, 0.17  0.02 mL
versus control, 0.14  0.02 mL, P ¼ 0.2) (Fig. 2E). By M-mode
echocardiography, wall thickening in the anterior infarct area
was greater in PLX-PAD-treated hearts (PLX-PAD, 0.25  0.05
versus control, 0.06  0.04, P ¼ 0.02), but there was no difference
in the posterior reference area (PLX-PAD, 0.2  0.06 versus
control, 0.17  0.03, P ¼ 0.7) (Fig. 2H and I). Analysis of regional
2-D strain and strain rate, expressed as the ratio between AOI
and the reference area, also demonstrated better contractile
function in PLX-PAD-treated areas of infarcted hearts (strain:
PLX-PAD, 47  6 versus control, 21  2, P ¼ 0.002, strain rate:
PLX-PAD, 41  10 versus control, 21  5, P ¼ 0.05) (Fig. 2G).

3.2.3.

Infarct size

Permanent occlusion of the LAD resulted in the typical picture
of extensive anterior myocardial infarction, reaching from the
apex towards the base of the heart along the free wall of the
left ventricle. As seen by Masson trichrome staining, the
infarction was transmural in all hearts, with excessive deposition of collagen in the infarct scar. In PLX-PAD-treated
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hearts (n ¼ 9), however, infarct size was significantly smaller
than in PBS control hearts (n ¼ 8) (PLX-PAD, 5.5%  2.4% versus
control, 13.6%  3%, P ¼ 0.04) (Fig. 3AeD). In order to test
whether the infarct size correlates with the heart function
measurements, we plotted the scar size data as a function of
LVEF and found that there is indeed a good correlation (R2 by
linear correlation analysis ¼ 0.8) (Fig. 4).

3.2.4.

Apoptosis

The number of TUNEL-positive cardiomyocytes was significantly lower in PLX-PAD-treated infarcted hearts (n ¼ 9) than
in control hearts (n ¼ 8), indicating a pronounced antiapoptotic effect of the PLX-PAD cells (PLX-PAD, 9.8  1.7;
control, 30.3  6.8; sham, 2.7  0.9 TUNELþ nuclei/mm2,
respectively, P ¼ 0.001) (Fig. 3E).

3.2.5.

Cardiac extracellular matrix remodeling

There was no detectable periostin expression in noninfarcted,
sham-operated hearts (n ¼ 5). Myocardial infarction, however,
led to a marked periostin expression that could be detected in
all segments of the heart. Periostin protein was mainly located
in the extracellular matrix and was particularly pronounced
in the peri-infarct area. Upon semi-quantification of immunohistology images, there was a trend to higher periostin
expression in PLX-PAD-treated hearts (n ¼ 9) as compared
with PBS-administered control hearts (n ¼ 8) (PLX-PAD,
23  3 arbitrary units versus control, 15  2 arbitrary units,
P ¼ 0.05) (Fig. 5). As seen by immunohistology staining for the
ubiquitous extracellular matrix component fibronectin, the
architecture of the infarct scar was similar between PLX-PADtreated and control hearts.

3.2.6.

Arteriogenesis

In order to assess an increase in diameter of pre-existing
arterial vessels (arteriogenesis), epicardial arteries with typical three-layered wall structure were counted and their size
was quantified on Masson trichromeestained histology slides.
Only vessels with distinct endothelium, tunica media, and
adventitia were counted. In addition, the same measurement
was performed on immunohistology slides stained for the
endothelial cell marker CD31 (PECAM-1). The total number of
mature arterial blood vessels was the highest in the PLX-PADtreated group (PLX-PAD [n ¼ 9], 6.9  0.4 vessels/high-power
field [HPF]; control [n ¼ 8], 4.6  0.7; sham [n ¼ 5], 4.8  0.3,
P ¼ 0.004) (Fig. 6). Arterial vessels in the PLX-PAD-treated
group tended to have a larger diameter than those in PBS
control hearts.

3.2.7.

Microvessel density

As expected, myocardial infarction induced angiogenic
processes in infarcted hearts, and both PLX-PAD-treated (n ¼
9) and PBS control hearts (n ¼ 8) had more microvessels than
sham-operated hearts (n ¼ 5) (PLX-PAD, 13  0.8 vessels/HPF;
control, 9  0.7; sham, 8  0.9, P ¼ 0.001) (Fig. 7). As determined
by immunohistochemistry for CD31, the density of microvessels in infarcted myocardium was higher in PLX-PADtreated hearts than in PBS control hearts. Especially in the
infarct border zone, microvessels appeared more prominent
in PLX-PAD-treated hearts than in PBS control hearts. These
results were essentially confirmed by fluorescence
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Fig. 2 e 2-D echocardiography 4 wk after PLX-PAD intramyocardial transplantation. (AeC) Hemodynamic parameters based
on 2-D echocardiography and electrocardiogram recordings. Stroke volume in control hearts (n [ 8) is reduced, but cardiac
output is similar to that of PLX-PAD-treated hearts (n [ 9) because of a higher heart rate. (DeF) Global LV function as
assessed by 2-D and M-mode echocardiography. Contractility as assessed by LVEF and fractional shortening is better in
PLX-PAD-treated hearts. (G) 2-D longitudinal strain echocardiography. Data are expressed as the ratio between anterior
(infarct area) and inferior (reference area). PLX-PAD-treated hearts display a strain pattern in the infarct area that is closer to
normal than that in control hearts. (H,I) Regional contractility by M-mode echocardiography. Wall thickening was computed
based on diastolic and systolic wall thickness in the anterior wall (infarct area) and the inferior wall (reference area). PLXPAD-treated hearts display more pronounced wall thickening in the infarct area. There is no difference in the reference area.
The box plots indicate minimum, lower quartile, median, upper quartile, maximum, and outliers (if any). P values are based
on Student t-test.

immunohistology for caveolin-1. Again, the number of capillary vessels per field of vision in the infarct border zone was
higher in PLX-PAD-treated hearts than in control hearts (PLXPAD, 48  6 vessels/HPF; control, 37  5; sham, 32  6, P ¼ 0.01),
and many of the vessels appeared markedly larger following
PLX-PAD treatment.

3.2.8.

Detection of human cells and murine plasma IL-10

By immunohistology staining for human nuclear antigen,
transplanted human PLX-PAD cells could not be detected
in any of the mouse hearts (n ¼ 9) 4 wk after transplantation
(Fig. 8D and E). No murine IL-10 could be detected in
the plasma of PLX-PAD-treated or control mice, in line
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Fig. 3 e Representative photomicrographs after Masson trichrome staining. (A) PLX-PAD celletreated heart infarct heart. (B)
Postinfarct control heart with PBS injection. (C) Normal heart after sham operation. Original magnification 32. (D) Infarct size
quantified by computerized planimetry on Masson trichromeestained myocardial sections (PLX, n [ 9; control n [ 8). The
percentage of infarcted myocardium calculated with respect to the entire area of LV myocardium. Depicted are average and
standard error of the mean; the P value is based on Student t-test. (E) Apoptosis quantified in myocardial sections by TUNEL
staining. In PLX-PAD-treated infarcted hearts, the average number of TUNEL-positive cells was significantly lower than in
infarcted control hearts. (Color version of figure is available online.)

with the finding that PLX-PAD cells were not detectable at
4 wk.

4.

Discussion

Given the palliative nature of surgical and other therapies for
ischemic heart failure, cell therapies continue to draw

Fig. 4 e Infarct size measured on histology as a function of
left ventricular ejection fraction, measured by
transthoracic echocardiography. Linear regression (solid
line) demonstrated a good correlation between both
parameters.

tremendous attention. Although it has become clear that
clinically usable cell products do not directly form new cardiac
myocytes, the ischemic and failing myocardium may still
benefit from angiogenic, antiapoptotic, and immunomodulatory effects [13,14]. Using autologous bone marrow cells in
patients with ischemic cardiomypathy undergoing coronary
artery bypass grafting or implantation of a mechanical assist
device, we and others have so far found only incremental
changes in contractile function [15e17]. Experimental studies
suggest that cell products from cord blood, umbilical cord, and
placenta may be superior to cells from aged and diseased
patients [18e22]. They can be obtained from tissues that are
usually discarded after birth and do not require invasive
harvesting techniques. Cells from younger donors have an
advantage over their older counterparts under in vitro conditions [23] and may also be better candidates for clinical cell
therapy as they have not been exposed to age- or diseaserelated changes. Cells derived from umbilical cord, cord
blood, and amniotic fluid have been tested in experimental
models of heart disease, but relatively little is known about
the suitability of placenta-derived cells [24]. Given the widespread interest in cord blood banking, cord bloodederived cell
products received particular attention [25,26]. However, cord
blood cells of hematopoietic lineage are not immunoprivileged and would only be suitable for autologous application,
and cord blood MSC-like cells are found in very small numbers
and cannot be isolated from every cord blood unit [27]. PLXPAD cells, in contrast, can be obtained in large quantities
from any placenta and, due to their MHC expression profile,
they can be used for allogenic transplantation without the
need for HLA matching. PLX-PAD cells partially meet the
current criteria for definition of mesenchymal stromal cells
[28] by their adherence and immunophenotype profile, but are
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Fig. 5 e Connective tissue remodeling processes in infarcted myocardium. (A,C,E) Expression of the matricellular protein
periostin (red) in infarcted control hearts (control, n [ 8), infarcted hearts receiving PLX-PAD cell transplantation (PLX-PAD,
n [ 9), and nonischemic hearts (sham, n [ 5). There appears to be higher periostin expression in PLX-PAD-treated
myocardium. (B,D,F) Architecture of the infarcted myocardium as seen by immunohistology for the extracellular matrix
protein fibronectin. There is no apparent difference between PLX-PAD-treated and control hearts. Original magnification
320. (Color version of figure is available online.)

lacking in their differentiation potential [29]. Of particular
importance for a putative clinical cell product is the lack of
HLA-DR and co-stimulatory molecules like CD80, CD86, and
CD40, the prerequisite for allogenic cell therapy without eliciting a specific immune response. In a rat model, Huang et al.
found that initially immunoprivileged bone marrow MSC
unregulated immunogenic MHC Ia and II expression upon
differentiation into cells with myocardial characteristics,
leading to cell elimination and reduced cardiac regeneration
capacity in vivo [30]. We did not study this phenomenon in our
cells in detail, but speculate that because of the absent
differentiation potential of PLX-PAD cells, they would be less
prone to an increase in immunogenicity. Moreover, PLX-PAD
not only may escape immunization but can exert direct
immunosuppressive actions, as demonstrated by PLX-PADinduced suppression of activated T-cell proliferation,
a feature they share with MSC-like cells from other sources
such as bone marrow [31]. As expected, we also found

upregulation of anti-inflammatory IL-10 secretion from a coculture of PBMCs with PLX-PAD cells in vitro, a finding that
is also in line with the current knowledge on MSC immunomodulation and that has even been described in the infarcted
heart in vivo [32]. Similar anti-inflammatory properties have
been described for MSC-like cells from the amniotic membrane as well as for the amniotic membrane stromal matrix
[33,34]. Using a different placenta MSC isolation method, Yuan
et al. also demonstrated the immunomodulatory properties of
placenta-derived MSC in the context of bone regeneration [35].
In fact, the strong immunosuppressive properties of placenta
cells have been proposed as prerequisite for fetomaternal
immune tolerance, as evidenced by epigenetic silencing
of genes expressing T celleattracting chemokines in decidual
stromal cells [36]. In addition to these immunomodulatory
PLX-PAD actions, PLX-PAD also displayed proangiogenic
actions in vitro, including the secretion of several known
angiogenesis-related growth factors and a robust stimulation
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Fig. 6 e Mature arterial blood vessels in the left ventricular myocardium. Sections stained with Masson trichrome staining
(A,C) or immunohistology for CD31 (B,D). In infarcted myocardium, arterial diameter was greater in PLX-PAD-treated hearts
(n [ 9) (A,D) than in control hearts (n [ 8) (B,E). Original magnification 320 (AeC) and 34 (DeF). Arrows indicate the blood
vessel of interest. (G) Number of mature arterial blood vessels in the left ventricular myocardium by experimental group.
Depicted are average and standard error. (Color version of figure is available online.)

of endothelial cell proliferation. These phenomena are particularly pronounced in hypoxic culture conditions, emphasizing the suitability of PLX-PAD cells for delivery to an
ischemic environment such as the infarcted heart.
In a previous study, biodistribution based on luciferase
expression of PLX-PAD cells was determined in both
immunocompetent and immunocompromised mice and the
angiogenesis-inducing effects in hindlimb ischemia were
demonstrated [6]. The cells were found to persist only at the
local injection site and improved blood flow to ischemic limbs
after ligation of the femoral artery. As mentioned above,
a clinical phase I study in patients with critical limb ischemia
has just been completed and showed no relevant immune
response to allogenic PLX-PAD cells [37] (conference abstract,
yet to be published in a peer-reviewed journal). Consequently,
we now proceeded with testing the effect of PLX-PAD cells
in the ischemic heart. In the literature, the dose of MSC
and similar cells transplanted into mouse hearts ranges
between less than 5  105 and 6  106 [38,39]. A typical cell
dose is 1  106 for autologous or allogenic cells, and reports of

experiments in which 5  105 cells were used indicated no
effect on contractile function [40]. Because we were confident
that xenogenic PLX-PAD cells do not elicit a deleterious
immune response but may be eliminated from the heart more
rapidly, and also because, compared with autologous MSC,
higher doses of highly proliferative off-the-shelf allogenic
PLX-PAD cells would potentially be available in the clinical
setting, we selected a cell dose of 2.5  106 for this initial series
of experiments. In our model of acute myocardial infarction,
PLX-PAD cell administration clearly led to a decrease in the
percentage of infarcted myocardium as compared with
the control group. Differentiation of transplanted cells into
functional cardiomyocytes is rather unlikely given the limited
myogenic capacity of stromal cells, although other groups
have described myocyte phenotypes derived from MSC
[14,41e43]. Most likely, the beneficial effects of PLX-PAD cell
treatment are mediated by paracrine factors that may help
salvage both cardiomyocyte and endothelial cells from
ischemic and/or oxidative stress [44]. This effect is reflected
in our finding of a reduced number of apoptotic cells in
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Fig. 7 e Microvessel density in the peri-infarct myocardium. Immunohistology for caveolin-1 (A,D,G) and CD31 (B,E,H).
Photomicrographs (C,F) show microvessels in the infarct scar tissue. Arrows indicate the blood vessel of interest. (I)
Comparison of microvessel density between experimental groups. Original magnification 320. Depicted are average and
standard error, the P value is based on analysis of variance. PLX-PAD, n [ 9; control, n [ 8; sham, n [ 5. (Color version of
figure is available online.)

PLX-PAD-treated myocardium. In addition to such cytoprotective effects, PLX-PAD cells have been shown to be potent
inducers of neoangiogenesis, augmenting the physiologic
response to myocardial infarction [45,46] again most likely
mediated via secretion of angiogenic growth factors. The
mechanisms of the angiogenesis and arteriogenesis response
to myocardial ischemia and therapeutic interventions are
exceedingly complex and even more difficult to understand
when a poorly understood, biologically complex intervention
such as cell therapy is performed [47]. Moreover, recent
reports also suggest the mobilization and stimulation of
resident cardiac stem cell populations via MSC-derived VEGF,
a phenomenon that may add to the regenerative PLX-PAD cell
effects in the infarcted heart [48]. The extracellular matrix and
its components also play an important role in the postischemic heart, and MSC-like cells have been shown to
directly influence ECM turnover. In our model, scar size
was clearly reduced by PLX-PAD cell treatment, but the
composition and architecture of the ECM were not visibly
changed. The role of the matricellular protein periostin
has been outlined during embryogenesis [49,50] as well as

during pathologic conditions [51,52], and myocardial infarction induces the expression and secretion of periostin by
cardiac fibroblasts into the adjacent extracellular matrix,
where it supports fibroblast proliferation/migration and ECM
remodeling through the activation of the integrin-mediated
FAK signaling pathway [53]. Our data indicate increased
expression of periostin in PLX-PAD-treated hearts associated
with reduced infarct size, whereas the protein is completely
absent in sham-operated hearts. Another promising approach
using placenta-derived cells has been described by Simioniuc
et al. [54] and Ventura et al. [55]. They found that MSC isolated
from amniotic membrane are particularly responsive to hyaluronan mixed ester of butyric and retinoic acid in terms of
cardiac and endothelial commitment [55]. In a recent study
in a pig model of myocardial infarction, hyaluronan mixed
ester of butyric and retinoic acidetreated human amnion
MSC exerted pronounced effects on heart function, capillary
density, and fibrosis [54]. These results are clearly promising, but it is not yet clear whether the cell production and
chemical modification process is suitable for clinical
application.
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Fig. 8 e Immunostaining for human nuclear antigen. (A,B) Mouse heart sections 4 wk after PLX-PAD transplantation stained
for human nuclear antigen (hNuc) and DAPI. (C,D) Human foreskin fibroblasts. Original magnification 320. (Color version of
figure is available online.)

4.1.

Limitations of the study

Our experimental model incompletely reflects the clinical
situation, because acute infarction by permanent occlusion of
the LAD was treated by intramyocardial cell injection. In the
clinical setting, every attempt is made to quickly reopen the
coronary artery and reperfuse the infarcted tissue, followed by
intravascular cell delivery, whereas intramyocardial cell
injection is most often done in patients with chronic ischemic
heart disease. However, we and other groups prefer this
model for proof-of-concept studies, because it results in
a more uniform infarct size and more reliable cell delivery in
small rodents [29,56,57]. Although we are confident that the
cell product was deposited correctly within the myocardium,
variations in the efficacy of cell injection cannot be excluded
because no live cell-tracking techniques were employed.
Likewise, we were not allowed to perform baseline echocardiography measurements of LV function immediately after
LAD occlusion, so that all conclusions are based on the
intergroup comparison at 4 wk rather than the change in
infarct size in an individual animal. Naturally, our data do not
allow inferring superiority of PLX-PAD above other cell products. Further experiments are required to test whether the
beneficial effects of PLX-PAD cells are more pronounced than
those of, for instance, bone marrow MSC in a given disease
model.

5.

Conclusion

In a xenogenic mouse model of myocardial infarction, PLXPAD cells exerted cytoprotective and proangiogenic effects.

Given that the safety and immunologic tolerance of allogenic
PLX-PAD cells in patients with critical limb ischemia has
recently been evaluated, PLX-PAD represents a cell product
that eventually may be suitable for testing in patients with
heart disease, the main potential advantage being its immediate availability at any time. However, critical factors such as
cell dose, timing, and mode of application remain to be
determined.
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