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ABSTRACT

Cardiac-derived adherent proliferating cells (CardAPs) are cells derived from human endomyocardial
biopsy specimens; they share several properties with mesenchymal stromal cells. The aims of this
study were to evaluate whether intramyocardial injection of CardAPs modulates cardiac fibrosis
and hypertrophy in a mouse model of angiotensin II (Ang II)-induced systolic heart failure and to an-
alyze underlyingmechanisms. Intramyocardial application of 200,000 CardAPs improved left ventric-
ular function. This was paralleled by a decline in left ventricular remodeling, as indicated by a
reduction in cardiac fibrosis and hypertrophy. CardAPs reduced the ratio of the left ventricle to body
weight and cardiac myosin expression (heavy chain), and decreased the Ang II-induced phosphoryla-
tion state of the cardiomyocyte hypertrophy mediators Akt, extracellular-signal regulated kinase
(ERK) 1, and ERK2. In accordancewith the antifibrotic and antihypertrophic effects of CardAPs shown
in vivo, CardAP supplementation with cardiac fibroblasts decreased the Ang II-induced reactive ox-
ygen species production,a-SMA expression, fibroblast proliferation, and collagen production. Cocul-
ture of CardAPswith HL-1 cardiomyocytes downregulated the Ang II-induced expression ofmyosin in
HL-1. All antifibrotic and antihypertrophic features of CardAPs were mediated in a nitric oxide- and
interleukin (IL)-10-dependent manner. Moreover, CardAPs induced a systemic immunomodulation,
as indicated by a decrease in the activity of splenic mononuclear cells and an increase in splenic
CD4CD25FoxP3, CD4-IL-10, andCD8-IL-10 T-regulatory cells inAng IImice. Concomitantly, splenocytes
from Ang II CardAPs mice induced less collagen in fibroblasts compared with splenocytes from Ang II
mice.We conclude that CardAPs improveAng II-induced cardiac remodeling involving antifibrotic and
antihypertrophic effects via paracrine actions and immunomodulatory properties. STEM CELLS

TRANSLATIONAL MEDICINE 2016;5:1707–1718

SIGNIFICANCE

Despite effective pharmacological treatmentwith angiotensin II type I receptor antagonists or angio-
tensin II-converting enzyme inhibitors, morbidity and mortality associated with heart failure are still
substantial, prompting the search of novel therapeutic strategies. There is accumulating evidence
supporting the use of cell therapy for cardiac repair. This study demonstrates that cells derived from
humanendomyocardial biopsies, cardiac-derived adherent proliferating cells (CardAPs), have the po-
tential to reduce angiotensin II-induced cardiac remodeling and improve left ventricular function in
angiotensin II mice. The mechanism involves antifibrotic and antihypertrophic effects via paracrine
actions and immunomodulatory properties. These findings support the potential of CardAPs for the
treatment of heart failure.

INTRODUCTION

Angiotensin (Ang) II is a key mediator in the path-
ogenesis of cardiac fibrosis and hypertrophy. In
addition to its other effects, Ang II increases the
deposition of the cardiac extracellular matrix
by stimulating the proliferation of cardiac fibro-
blasts [1] and by the transdifferentiation of car-
diac fibroblasts into myofibroblasts [2], it induces

inflammation [3], and it stimulates the hypertro-
phic growth of cardiomyocytes [4], leading to car-
diac remodeling and, consequently, left ventricular
(LV) dysfunction and heart failure. Its importance
in cardiac remodeling follows from animal studies
[5, 6] and clinical trials [7] demonstrating that inhi-
bition of Ang II by Ang II-converting enzyme (ACE)
inhibitors or Ang II type I receptor (AT1R) antago-
nists prevents or reverses cardiac remodeling and
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improves survival in patients with heart failure. However, despite
effective pharmacological treatmentwith AT1R antagonists or ACE
inhibitors, morbidity andmortality resulting from heart failure are
still substantial, prompting the search of novel therapeutic
strategies.

Mesenchymal stromal cells (MSCs) are well known for their
immunomodulatory [8], proangiogenic [9], antiapoptotic [8],
and antifibrotic features, and are an attractive cell source for cell
therapy because of their low immunogenicity. To our knowledge,
no studies are available that demonstrate direct antihypertrophic
effects of MSCs on cardiomyocytes. We recently isolated and
identified novel cardiac-derived cells from human endomyocar-
dial biopsy specimens: cardiac-derived adherent proliferating
cells (CardAPs) characterized as CD105+, CD73+, CD166+, CD44+,
CD902, CD142, CD342, and CD452 [10, 11]. Similar toMSCs, Car-
dAPs have antiapoptotic [12] and immunomodulatory [12, 13]
features that they exert in a nitric oxide (NO)- and interleukin
(IL)-10-dependent manner, and CardAPs also have low immuno-
genicity [13].We previously demonstrated their cardioprotective
potential in an experimental model of Coxsackievirus B3-induced
myocarditis [12]. The aimof this studywas to investigatewhether
CardAPs can modulate Ang II-induced cardiac fibrosis and hyper-
trophy in an experimental model of Ang II-induced heart failure
and to analyze underlying mechanisms.

MATERIALS AND METHODS

Cardiac-Adherent Proliferating Cell Isolation

Patients without symptoms and signs of congestive heart fail-
ure but suffering from atypical chest complaints underwent
endomyocardial biopsy and right-side heart catheterization
in a standardizedmanner [14] to exclude the existence of a car-
diomyopathy after routine noninvasive diagnostic work-up
and angiography had failed to elucidate any specific cause of
heart failure. Cardiac adherent proliferating cells (CardAPs)
were isolated from endomyocardial biopsy specimens taken
from the right-ventricle side of the interventricular septum
[15]of thosepatients (n=3; age, 2762.1years;male,n=2; female,
n = 1; ejection fraction: 63%6 3.5%). Endomyocardial biopsy anal-
ysis excluded presence of relevant cardiotropic viruses and of
prominent inflammation. CardAPs were harvested as described
previously [10]. The donation of cardiac tissue was approved by
the ethical committee of the Charité-Universitätsmedizin Berlin
(No 225-07) and by the patients, who provided written consent.

Animals

To study the effect of CardAPs application on the progression of
Ang II-induced heart failure, 2 3 105 CardAPs or phosphate-
buffered saline (PBS) were intramyocardially injected in 8-
week-old C57BL/6 mice, 1 week after implantation of osmotic
pumps releasing Ang II (1.8 mg/kg body weight per day) [16]
(n = 10–12 per group). Control mice received PBS instead of
Ang II (n = 8 per group). Fourteen days after CardAPs application,
hemodynamic parameters were analyzed, followed by harvesting
of the left ventricle, which was next snap-frozen for molecular bi-
ology purposes and immunohistochemistry. For the analysis of
T-regulatory cells (Tregs) and immunomodulatory mechanisms,
spleens were isolated. To evaluate the engraftment of CardAPs
after intramyocardial injection, the heart, spleen, lung, kidney,
and liver were harvested. The investigation was performed in

accordancewith theprinciplesof laboratoryanimalcareandtheGer-
man law on animal protection, and was approved by the ethical
committee for the use of experimental animals of the Charité-
Universitätsmedizin Berlin (No. g0094/01).

Assessment of CardAP Engraftment

The engraftment of CardAPs in the heart, lung, kidney, liver, and
spleen after intramyocardial application was determined accord-
ing to the method of McBride et al. [17], slightly modified, as de-
scribed previously [12]. In brief, genomic DNAwas extracted from
frozen tissues as described previously [18]. A standard curve was
generated using human genomic DNA obtained from human
umbilical vein endothelial cells serially diluted over a 100,000-
fold dilution range intomurine spleengenomicDNA. Real-time po-
lymerase chain reaction (PCR)was performedwith 800 ng of target
DNA, Alu specific primers, and a fluorescent probe [17]. Values are
expressed as a percentage of human DNA per 800 ng of murine
tissue.

Real-Time PCR

RNAwas isolated from the left ventricle using the RNeasyMini Kit
according to the manufacturer’s protocol (Qiagen, Hilden, Ger-
many, https://www.qiagen.com), followed by cDNA synthesis.
Quantitative real-time PCR (Mastercycler ep gradient realplex;
Eppendorf, Hamburg, Germany, http://www.eppendorf.com)
was performed to assess the LV mRNA expression of the target
genes Col I and Col III, using gene expression assays for Col1a1
Mm01302043_g1, Col3a1Mm00802331_m1 (Thermo Fisher Sci-
entific Life Sciences, Waltham, MA, http://www.thermofisher.
com). For the analysis of LV IL-10 mRNA expression, the forward
primer 59-GCCCCAGGCAGAGAAGCATGG-3 and reverse primer
59-GGGAGAAATCGATGACAGCGCCT-39 (TIB MOLBIOL, Berlin,
Germany, http://www.tib-molbiol.com) were used, combined
with Sybr Green (Thermo Fisher Scientific Life Sciences). mRNA
expression was normalized to the housekeeping gene 18S and
relatively expressed with the control group set as 1.

Cell Culture

Human CardAPs were cultured at a density of 6,000 cells/cm2

in medium consisting of equal proportions of Iscove’s Modified
Dulbecco’s Medium/Dulbecco’s modified Eagle’s medium /Ham’s
F-12 medium (Biochrom, Berlin, Germany, http://www.biochrom.
de) containing 5% human serum, 1% penicillin/streptomycin,
20 ng/ml basic fibroblast growth factor (Peprotech, Hamburg,
Germany, https://www.peprotech.com), and 10 ng/ml epithelial
growth factor (Peprotech). Human cardiac fibroblasts were cul-
tured in Lung/Cardiac Fibroblasts Basal Medium (Cell Applica-
tions, San Diego, CA, https://www.cellapplications.com) plus
supplements (Cell Applications). Murine HL-1 cells were cultured
in Claycomb medium (Sigma-Aldrich, Lenexa, KS, http://www.
sigmaaldrich.com) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin, 100 mM norepinephrine (Sigma-
Aldrich), and 2 mM glutamine.

Coculture of Cardiac Fibroblasts With Endomyocardial
Biopsy Specimen-Derived Cells

Human cardiac fibroblastswere plated at a cell density of 135,000
cells per 6-well, 10,000 cells per 96-well, or 10,000 cells per
8-well chamber slide. After 24 hours of culture, human cardiac
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fibroblasts were stimulated with Ang II at a concentra-
tion of 1 mM. Four hours after Ang II stimulation, untreated
CardAPs, or CardAPs pretreated for 24 hourswith 10mMnitro-L-
argininmethylesterhydrochloride (L-NAME; Sigma-Aldrich) were
collected and added to the human cardiac fibroblasts for cocul-
ture at a ratio of 1 CardAP to 10 human cardiac fibroblasts. To in-
vestigate whether CardAPs mediate their effects via IL-10, 1 mg/ml
anti-human IL-10 antibody was added at the time point of CardAP
supplementation.

Cocultures of cardiac fibroblasts with CardAPs were performed
to evaluate the impact of CardAPs on the Ang II-induced car-
diac fibroblast collagen I and III production (collagen I and III
staining, Sirius Red staining), fibroblast proliferation, the trans-
differentiation of cardiac fibroblasts into myofibroblasts via the
analysis of a-SMA expression, and on the induction of oxidative
stress in cardiac fibroblasts. Oxidative stress in human cardiac fi-
broblasts was evaluated by flow cytometry via the analysis of
reactive oxygen species (ROS) by 5- (and 6-) chloromethyl-29,79-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA;
Thermo Fisher Scientific Life Sciences).

Collagen I and III Staining

Human cardiac fibroblasts were cultured at a density of 10,000
cells per well in fibronectin-coated 8-well Laboratory Tek Cham-
ber slides (ThermoFisher Scientific Life Sciences; fibronectin from
Sigma-Aldrich), stimulatedwith Ang II at a concentration of 1mM,
and subsequently cocultured with DiO-labeled CardAPs (Vybrant
DiO Cell-labeling solution; Thermo Fisher Scientific Life Sciences),
as described previously inMaterials andMethods. After 24 hours
ofAng II stimulation, human cardiac fibroblastswerewashedwith
PBS and fixed in 4% paraformaldehyde for 10 minutes at room
temperature (RT). Blocking was performed in PBS containing
3% bovine serum albumin (BSA; Sigma-Aldrich) and 0.05% Tween
20 (Sigma-Aldrich) for 30 minutes at RT, followed by a 1-hour in-
cubation at RT with rabbit polyclonal collagen I or III antibody di-
luted1:100 (Abcam,Cambridge,U.K., http://www.abcam.com) in
blocking solution. After washing with PBS, incubation with a goat
anti-rabbit-Cy3 secondary antibody (Thermo Fisher Scientific Life
Sciences)diluted1:2,000wasperformedatRTfor1hour.Mounting
medium (Vector Laboratories, Burlingame, CA, https://vectorlabs.
com) with 49,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) di-
luted 1:1,000 was added and cover slips weremounted on themi-
croscopy slides. Images were acquired on a Zeiss Axio Observer Z1
microscope (Zeiss International, Oberkochen, Germany, http://
www.zeiss.com), using AxioVision Rel 4.7 imaging software (Zeiss
International). Representative pictures show a merged image of
the cocultured DiO-labeled CardAPswith Ang II-stimulated cardiac
fibroblasts stained for Cy3-collagen I or III, and DAPI.

CFSE Proliferation Assay of Human Cardiac Fibroblasts

Human cardiac fibroblasts were labeled with 10mM succinimidyl
ester of carboxyfluorescein diacetate (CFSE Cell Tract; Thermo
Fisher Scientific Life Sciences), stimulated with Ang II at a concen-
tration of 1mM,and subsequently coculturedwithuntreatedCar-
dAPs or L-NAME-pretreated CardAPs in the presence or absence
of 1 mg/ml anti-human IL-10 antibody, as described above. All
samples were acquired on FACS BD FACSCanto II with BD FACS-
Diva software version 6.1.3 (BD Biosciences, Franklin Lakes, NJ,
http://www.bdbiosciences.com). Reanalysis of fluorescence-
activated cell sorting (FACS) data was performed using FlowJo

software version 8.8.6 (Tree Star, Ashland, OR, http://www.
flowjo.com). Finally, the average number of cell divisions that
the responding cells underwent, excluding the cells of peak 0 that
did not divide, were calculated by the software as the division
index.

Intracellular a-Smooth Muscle Actin Staining

DiO-labeled (Vybrant DiO Cell-labeling solution; Thermo Fisher
Scientific Life Sciences) human cardiac fibroblasts were stimu-
lated with Ang II and subsequently cocultured with CardAPs, as
described previously in Materials and Methods. After 24 hours
of Ang II stimulation at a concentration of 1 mM in the presence
or absence of CardAPs, human cardiac fibroblasts were fixed in
fixation/permeabilization solution (BD Cytofix/Cytoperm Plus
Fixation/Permeabilization Kit; BD Biosciences) and stained with
a-SMA-PE antibody. All the samples were acquired on FACS BD
FACSCanto II with BD FACSDiva software version 6.1.3 (BD Biosci-
ences). Reanalysis of FACS datawas performed using FlowJo soft-
ware version 8.8.6 (Tree Star). Data are presented as DiO+/
a-SMA-PE+ cells (percentage of gated).

Reactive Oxygen Species Analysis

Dil-labeled (VybrantDil Cell-labeling solution; ThermoFisher Scien-
tific Life Sciences) human cardiac fibroblasts were stimulated with
Ang II at a concentrationof1mMandsubsequently coculturedwith
CardAPs, as described previously in Materials and Methods. After
stimulation with Ang II for 24 hours, cells were collected in pre-
warmed PBS containing 5 mM CM-H2DCFDA, and then incubated
at 37°C for 30 minutes. After washing with PBS, all the samples
were analyzed by flow cytometry (BD FACSCantoII, BD FACSDiva
software 6.1.3; BD Biosciences). Reanalysis of FACS data was per-
formed using FlowJo software version 8.8.6 (Tree Star). Data are
represented as Dil+/DCF+ cells (percentage of gated).

Flow Cytometry Analysis of Spleen Mononuclear Cells

Splenocyteswere isolated fromcontrol, Ang II, andAng II CardAPs
mice, slightly modifying the method of De Geest et al. [19]. Flow
cytometry analysis of spleen mononuclear cells (MNCs) was per-
formed using anti-mouse IL-10 in BD Perm/Wash solution (BD
Biosciences) according to the manufacturer’s instructions. The
mouse Treg detection kit containing CD4, CD25, and FoxP3 an-
tibodies, and fixation and wash solutions was purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany, http://www.
miltenyibiotec.com). Surface staining was performed according
to the manufacturer’s instructions. Splenocytes were first
stained with anti-mouse CD4 and CD25 antibodies; after fixa-
tion, intracellular FoxP3 staining was performed. Spleen MNCs
were labeled with 10 mM succinimidyl ester of carboxyfluores-
cein diacetate (CFSE Cell Tract; Thermo Fisher Scientific Life Sci-
ences) to be able to measure cell proliferation indicative of
spleen MNC activation. Sample analysis was performed on a
MACSQuant Analyzer (Miltenyi Biotec). Reanalysis of FACS data
was performed using FlowJo software version 8.8.6 (Tree Star).

Coculture of Fibroblasts With Splenic Cells

Murine C4 fibroblasts were plated at a cell density of 10,000 cells
per 96-well chamber slide in Basal Iscove medium (Biochrom)
supplemented with 10% FBS and 1% penicillin/streptomycin.
Twenty-four hours after plating, the medium was removed and
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splenic cells isolated from control, Ang II, and Ang II CardAP mice
were added to the fibroblasts at a ratio of 10 splenic cells to 1
fibroblast in Roswell Park Memorial Institute medium (Thermo
Fisher) 10% FBS, and 1% penicillin/streptomycin, and activated
with 50 ng/ml phorbolmyristate acetate (PMA) and 500 ng/ml
ionomycin. After 3 days, the splenic cellswere removed and Sirius
Red staining was performed.

Sirius Red Staining

Sirius Red staining of murine fibroblasts was performed as de-
scribed previously [21]. In brief, murine C4 fibroblasts were
fixed in methanol overnight at 220°C, washed once with
PBS, and incubated in 0.1% Sirius Red staining solution at
RT for 1 hour. After a second wash with PBS, the Sirius Red
staining of the fibroblasts was eluted in 0.1 N sodium hydrox-
ide at RT for 1 hour on a rocking platform. The optical density,
representative of the accumulation of collagen I and III, was
measured at 540 nm on a SpectraMax 340PC microplate
reader (Molecular Devices, Munich, Germany, https://www.
moleculardevices.com).

Western Blotting

Left ventricle samples were homogenized in lysis buffer
(Thermo Fisher Scientific Life Sciences) supplemented with
proteinase inhibitors (F. Hoffmann-La Roche, Basel, Switzer-
land, http://www.roche.com). An equal amount of protein
was loaded into 10%–12% SDS-polyacrylamide gels. Total
and p-Akt, -ERK1, -ERK2 (Cell Signaling Technology, Danvers,
MA, http://www.cellsignal.com), myosin (Abcam), b tubulin
(Santa Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.
com), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
BPS Bioscience, San Diego, CA, http://bpsbioscience.com)
were detected with each specific antibody, followed by incu-
bation with an IRdye secondary antibody (LI-COR Biosciences,
Lincoln, NE, https://www.licor.com). The blots were visual-
ized with Odyssey (LI-COR Biosciences). Quantitative analysis
of the intensity of the bandswas performedwith Odyssey V3.0
software.

Sarcomeric Myosin Heavy Chain Flow Cytometry

Dil-labeled HL-1 cardiomyocytes were plated at a density of
200,000 cells per 6-well chamber slide. After 24 hours of culture,
HL-1 cells were stimulated with 1mMAng II. Four hours after Ang
II supplementation, untreated CardAPs, or CardAPs pretreated
for 24 hours with 10 mM of L-NAME (Sigma-Aldrich) were col-
lected and added to the HL-1 cells for coculture at a ratio of 1 Car-
dAP to 10 HL-1 cells. To investigate whether CardAPs mediate
their effects via IL-10, 1 mg/ml anti-human IL-10 antibody was
added at the time point of CardAP supplementation. After
24 hours of Ang II stimulation, HL-1 cells were fixed and per-
meabilized with fixation/permeabilization solution (BD Cytofix/
Cytoperm Plus Fixation/Permeabilization Kit; BD Biosciences)
and stained with antimyosin heavy chain Alexa Fluor 488 (eBio-
science, SanDiego, CA, http://www.ebioscience.com) for 30min-
utes at RT. All the sampleswere acquiredonFACSBDFACSCanto II
with BD FACSDiva software version 6.1.3 (BD Biosciences). Re-
analysis of FACS data was performed using FlowJo software ver-
sion 8.8.6 (Tree Star). Data are presented as myosine+/Dil+ cells
(percentage of gated).

Sarcomeric Myosin Heavy Chain Immunostaining

HL-1 cells were plated in CellCarrier-96 Black Optically Clear Bot-
tom 96-well plates (PerkinElmer, Greenville, SC, http://www.
perkinelmer.com), stimulated with 1 mM Ang II, and cocultured
with Dil-labeled CardAPs. Twenty-four hours after Ang II supple-
mentation, cells were washed with PBS, fixed and permeabilized
with the fixation/permeabilization solution, then incubated for 1
hour at RT with the MF-20 antibody (Developmental Studies Hy-
bridomaBank, IowaCity, IA, http://dshb.biology.uiowa.edu/) and
45 minutes of incubation at RT with the secondary Cy5 antibody
(Thermo Fisher Scientific Life Sciences) in PBS plus 1% BSA and
0.2% Triton-X. Finally, cells were stained with DAPI (Sigma-
Aldrich) diluted 1:1,000 in PBS. The images were acquired on Op-
eretta High Content Imaging Systemwith Harmony High Content
Imaging and Analysis Software (PerkinElmer).

Hemodynamic Measurements

Fourteen days after intramyocardial injection of CardAPs, mice
were anesthetized (0.8–1.2 g/kg urethane and 0.05mg/kg bupre-
norphine intraperitoneally) and artificially ventilated. A 1.2F
microconductance pressure-volume catheter (Transconic Sci-
sense, London, ON, Canada, http://www.transonic.com) was po-
sitioned in the left ventricle through the apex for continuous
registration of LV pressure-volume loops in an open chest model
[8]. The volumeswere calibratedusing the hypertonic saline tech-
nique [22]. All measurements were performed three times while
ventilation was turned off momentarily. Indices of systolic and
diastolic cardiac performance were derived from LV pressure-
volume data obtained at steady state. Heart rate (HR), left ventricle
contractility (dP/dtmax), LV pressure decrease (dP/dtmin.), stroke
volume, stroke work, end-systolic volume (ESV) and end-diastolic
volume (EDV), LV relaxation time (t), LV end-diastolic pressure
(LVEDP), ejection fraction (EF), and cardiac output (CO) as indices
of LV systolic and diastolic function were recorded.

Statistical Analysis

Statistical analysis was performed using Prism 6 for Mac OS X
(GraphPad Software, La Jolla, CA, http://www.graphpad.com).
Ordinary one-way analysis of variance was used for statistical
analysis of the data. Data are presented as mean6 SEM. Differ-
ences were considered to be significant when the two-sided
p value was less than .05.

RESULTS

Engraftment of Endomyocardial Biopsy Specimen-
Derived Cells After Intramyocardial Application

Two weeks after intramyocardial application of 23 105 CardAPs,
CardAPs could be retrieved in themurine organs, as confirmed by
humanAludetectionvia real-timePCR (Fig. 1). Theengraftment in
the heart was 2.7-fold, 3.3-fold, 3.2-fold, and 3.3-fold higher than
in the lung, kidney, liver, and spleen, respectively (p, .05).

Endomyocardial Biopsy Specimen-Derived Cells
Reduced Cardiac Fibrosis in Angiotensin II-TreatedMice

Given the importance of Ang II in the induction of cardiac fibrosis
[23] on the onehand and thewell-described antifibrotic effects of
MSCs on the other hand [24], we investigated whether MSC-like
CardAPswere also able to reduce cardiac fibrosis in Ang II-treated
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mice. Ang II induced cardiac fibrosis as indicated by a 2.8- and 2.7-
fold increase in LVcollagen I and IIImRNAexpression, respectively
(p, .001 vs. control mice), whereas CardAPs application in Ang II
mice decreased LV Col I and Col III mRNA expression by 1.6- and
1.8-fold, respectively (p, .01 vs. Ang II mice) (Fig. 2A).

Endomyocardial Biopsy Specimen-Derived Cells Exerted
Direct Antifibrotic Effects

Because the expression levels of the AT1R define the biological
efficacy of Ang II [25], we first analyzed whether CardAPs affect
the expression of AT1R in cardiac fibroblasts. CardAPs diminished
the Ang II-mediated upregulation of the AT1R in cardiac fibro-
blasts by 3.6-fold (p, .0001) (Fig. 2B). After this finding, we fur-
ther analyzed theantifibrotic effects ofCardAPsandwhether they
occurred similar to their antiapoptotic [12], antiviral [12], and
immunomodulatory [12] properties in an NO- and/or IL-10-
dependentmanner. Therefore, basal andAng II-stimulated car-
diac fibroblasts were cocultured with untreated or L-NAME-treated
CardAPsorCardAPs in thepresenceofananti-human IL-10antibody.
Collagen I and III immunostaining showed that CardAPs reduced the
Ang II-induced collagen I and III production in cardiac fibroblasts (Fig.
2C: upper panel, Col I; lower panel, Col III). Similarly, Sirius Red stain-
ing demonstrated that CardAPs decreased the Ang II-promoted col-
lagen accumulation by 1.3-fold (p, .01; Fig. 2D). In addition, cardiac
fibroblast proliferation was 1.9-fold (p , .0001) lower in Ang II-
stimulated cardiac fibroblasts cocultured with CardAPs compared
withAng II-stimulatedmonoculturedcardiac fibroblasts (Fig. 3A).Be-
sides the CardAPs-mediated decrease in collagen production and
proliferation of Ang II-stimulated cardiac fibroblasts, CardAPs also
reduced the transdifferentiation of cardiac fibroblasts intomyofibro-
blasts, as indicated by a 1.9-fold (p, .0001) reduction ina-SMA ex-
pression (Fig. 3B). Finally, given the importance of the intracellular
oxidation status for cardiac fibrosis [23, 26], we analyzed whether
CardAPs supplementation to Ang II-stimulated cardiac fibroblasts
could affect ROS production. Coculture of CardAPs with Ang II-
stimulated cardiac fibroblasts resulted in a 3.0-fold reduction (p,
.0001 vs. Ang II) in ROS production (Fig. 3C). All CardAPs-mediated

effects were blunted in the presence of L-NAME or by blocking hu-
man IL-10, suggesting that the antifibrotic effects of CardAPs were
mediated in an NO- and IL-10-dependent manner.

Endomyocardial Biopsy Specimen-Derived Cells
Exhibited Prominent Immunomodulatory Effects,
Which Affected Collagen Production in Fibroblasts

Because Ang II mediates key events of inflammatory processes
[27] on the one hand and CardAPs are known for their immuno-
modulatory properties [12, 13] on the other hand, we next
explored the immunomodulatory effects of CardAPs in Ang II-
treated mice. These mice exhibited significantly lower MNC acti-
vation and proliferation, as indicated by a 1.3-fold lower division
index comparedwith spleenMNCsofAng IImice (p, .01) (Fig.4A).
Moreover, CardAP injection in Ang II mice resulted in a 1.7-fold in-
crease in the percentage of Tregs (p, .05 vs. Ang II mice) (Fig. 4B),
whichwas accompanied by a 1.8-fold elevation in the percentage of
immunoregulatory IL-10-producing CD4andCD8cells (p, .05 and
p, .001 vs. Ang II mice, respectively; Fig. 4C) [28]. In parallel, Car-
dAPs raised LV IL-10mRNA expression in Ang II mice 5.2-fold (p,
.05 vs. Ang IImice) (controlmice, 16 0.17; Ang IImice, 1.26 0.29;
Ang II CardAPs mice, 6.26 2.6; n = 5 per group).

Given the link between inflammation and cardiac fibrosis, [20,
29], we further investigated whether the reduction in cardiac fi-
brosis in Ang II CardAPs mice compared with Ang II mice could
partly be mediated via the immunomodulatory effects of Car-
dAPs. Therefore, splenocytes from the different experimental
groups were cocultured with fibroblasts and their impact on col-
lagen production verified. Supplementation of splenocytes from
Ang II CardAPs mice induced 2.1-fold (p , .0001) less collagen
production in fibroblasts compared with splenocytes isolated
from Ang II mice (Fig. 4D), suggesting an impact of the CardAP-
mediatedimmunomodulatoryeffectsoncardiacfibrosis inAngIImice.

Endomyocardial Biopsy Specimen-Derived Cells
Reduced Cardiac Hypertrophy

In parallel with the decrease in cardiac fibrosis, CardAPs also reduced
theAng II-induced cardiac hypertrophy as indicated by a 1.2-fold (p,
.01) and 2.8-fold (p, .0001) decline in left ventricle to body weight
ratio and cardiac myosin (heavy chain) expression, respectively (Fig.
5A, 5B). Concomitantly, CardAPs decreased the Ang II-promoted
phosphorylation state of the cardiomyocyte hypertrophy mediators
ERK1, ERK2, andAkt, by 1.4-fold (p, .01), 1.2-fold (p, .05), and1.9-
fold (p, .001) versus Ang II mice, respectively (Fig. 5C, 5D).

Endomyocardial Biopsy Specimen-Derived Cells
Mediated Direct Antihypertrophic Effects

To evaluatewhether CardAPs could directly affect cardiomyocyte
hypertrophy, CardAPs were cocultured with Ang II-treated HL-1
cardiomyocytes. CardAP supplementation to Ang II-stimulated
cardiomyocytes resulted in a visual reduction of the intensity of
myosin compared with Ang II-stimulated HL-1 cells cultured in
the absence of CardAPs (Fig. 6A). This finding was supported by
the 3.3-fold (p , .0001) lower percentage of Dil+/Myosin+ posi-
tive HL-1 cells present in Ang II HL-1 CardAPs cocultures versus
Ang II HL-1 monocultures. All CardAPs-mediated effects were
blunted in the presence of L-NAME or by blocking human IL-10,
suggesting that the antihypertrophic effects of CardAPswereme-
diated in an NO- and IL-10-dependent manner (Fig. 6B).

Figure 1. Engraftment of endomyocardial biopsy specimen-derived
cells after intramyocardial injection. Bar graphs represent the per-
centageof humanDNA infusedas cells in theheart, lung, kidney, liver,
and spleen of angiotensin II-treated mice intramyocardially injected
with cardiac-derived adherent proliferating cells.n=3–4per group.p,
p, .05; pp, p, .01 versus heart.
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Figure 2. Endomyocardial biopsy specimen-derived cells reduced cardiac fibrosis in Ang II-treated mice and decreased Ang II-induced cardiac
fibroblast collagenproduction in anitric oxide- and IL-10-dependentmanner. (A):Bar graphs represent themean6 SEMofCol I andCol IIImRNA
expression in the left ventricle of control, Ang II, and Ang II CardAPs mice, as indicated. n = 6–8 per group. pp, p, .01; ppp, p, .001. (B): Bar
graphs represent themean6 SEMofAT1R+/Dil+ cells depictedas thepercentageof gated cells of basal (openbars) orAng II-treated (closedbars)
cardiac fibroblasts with or without CardAPs. n = 4 per group. ppp, p, .001. (C):Upper and lower panels present representative pictures of Col I-
and Col III-stained cardiac fibroblasts, respectively, which were stimulated with Ang II in the presence or absence of CardAPs, as indicated.
Pictures aremerged images of Col I/III-, 49,6-diamidino-2-phenylindole, and/or DiO-labeled CardAPs at magnification320. (D): Bar graphs rep-
resent the mean6 SEM of the absorbance at 540 nm of Sirius Red-stained basal (open bars) or Ang II-treated (closed bars) cardiac fibroblasts
with or without untreated or L-NAME-treated CardAPs or CardAPs in the presence of 1 mg/ml anti-human IL-10 ab, as indicated. n = 4–6 per
group. p, p, .05; pp, p, .01; ppp, p, .001. Abbreviations: ab, antibody; Ang, angiotensin; AT1R, angiotensin II type I receptor; CardAP, cardiac-
derived adherent proliferating cell; IL, interleukin; L-NAME, nitro-L-argininmethylesterhydrochloride.
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Endomyocardial Biopsy Specimen-Derived Cells
Improved Left Ventricular Function in Angiotensin
II-Treated Mice

Finally, we evaluated whether the CardAP-mediated modulation
of cardiac remodeling was associated with an improvement in LV
function in Ang II mice. Ang II mice developed severe heart failure
indicated by an impairment in systolic (EF, CO, dP/dtmax) (Fig.
7A–7C) and diastolic function (dP/dtmin, t, LVEDP) (Fig. 7D–7F).

CardAPs did not affect the heart rate in Ang II mice (control mice,
542 6 21 beats per minutes [bpm]; Ang II mice, 487 6 30 bpm;
Ang II + CardAPs mice, 5106 20 bpm). CardAPs application ame-

liorated global LV function, as shown by a 1.5-fold (p, .001) in-

crease in Ang II-decreased EF and improved the impaired LV

systolic and diastolic function in Ang II-treated mice, as indicated

by a 1.7-fold (p, .05) and 1.4-fold (p, .05) increase in CO and

dP/dtmax, respectively; and a 1.3-fold (p, .05), 1.5-fold (p, .001),

Figure 3. Endomyocardial biopsy specimen-derived cells diminished Ang II-induced cardiac fibroblast proliferation, transdifferentiation into myofi-
broblasts, and oxidative stress in a nitric oxide- and IL-10-dependent manner. (A): Left panel represents bar graphs depicting themean6 SEM of the
division indexofbasal (openbars)orAng II-treated (closedbars) cardiac fibroblastswithorwithoutuntreatedor L-NAME-treatedCardAPsorCardAPs in
thepresenceof1mg/mlanti-human IL-10antibody.n=4pergroup.ppp,p, .001.Rightpanel showspeaks indicating theamountofcelldivisions in the
respective condition. (B): Left panel showsbar graphs representing themean6SEMofa-SMA+/DiO+ cells, depicted as thepercentageof gated cells of
basal (openbars) orAng II-treated (closedbars) cardiac fibroblastswithorwithoutuntreatedor L-NAME-treatedCardAPsorCardAPs in thepresenceof
1 mg/ml anti-human IL-10 ab. n = 4 per group. ppp, p, .001. The right panel represents dot plots of a-SMA+/DiO+ cells, as indicated. (C): Left panel
demonstratesbargraphsrepresentingthemean6SEMofDCF+/Dil+ cells,depictedas thepercentageofgatedcellsofbasal (openbars)orAng II-treated
(closed bars) cardiac fibroblasts with or without untreated or L-NAME-treated CardAPs or CardAPs in the presence of 1mg/ml anti-human IL-10 ab. n = 4
per group. ppp, p, .001. The right panel illustrates representative dot plots of DCF+/Dil+ cells of the respective conditions. Abbreviations: ab, antibody;
Ang, angiotensin;CardAP, cardiac-derivedadherentproliferating cell; CFSE, succinimidyl esterof carboxyfluoresceindiacetate;CM-H2DCFDA, chloromethyl-
29,79-dichlorodihydrofluorescein diacetate, acetyl ester; IL, interleukin; L-NAME, nitro-L-argininmethylesterhydrochloride; PE, phycoerythrin.

Miteva, Van Linthout, Pappritz et al. 1713

www.StemCellsTM.com ©AlphaMed Press 2016



and2.9-fold (p, .0005) decrease indP/dtmin, t, and LVEDP, respec-

tively, compared with Ang II-treated mice.

DISCUSSION

The salient finding of the present study is that CardAPs derived
from endomyocardial biopsy specimens reduced Ang II-induced

heart failure and cardiac remodeling by their antifibrotic, antihy-
pertrophic, and immunomodulatory properties. The importance
of Ang II in the induction of cardiac remodeling and subsequent
heart failure iswell established. ACE inhibitors andAT1R antagonists
counteracting Ang II-mediated signaling are common drugs used to
treat patients with heart failure. We recently isolated and identified
novel cardiac biopsy-derived cells, CardAPs,which share several char-
acteristics with MSCs, including their antiapoptotic [12], and immu-
nomodulatory [12, 13] effects, and their low immunogenicity [13].
The well-described antifibrotic features of MSCs [24] have not been
explored for CardAPs so far; direct antihypertrophic effects on cardi-
omyocytes also have not yet been identified for MSCs.

In this study,wedemonstrate that CardAPs decreased cardiac
dilatation, fibrosis, and hypertrophy in Ang II mice. In vitro, we
showed that similar to their antiapoptotic [12], antiviral [12],
and immunomodulatory [12, 13] properties, CardAPs exerted
their antifibrotic and antihypertrophic effects in an NO- and IL-
10-dependent manner. With respect to the antifibrotic features
of CardAPs, this observation is supported by the finding that
NO inhibits myocardial fibrosis through the suppression of car-
diac fibroblast proliferation [30] and the activation of matrix
metalloproteinases [30], as well as by the finding that endothelial
nitric oxide synthase (eNOS)-deficient (eNOS2/2) mice exhibit in-
creased cardiac fibrosis [31]. The antifibrotic effects of IL-10 have
been reported in different animal models of liver [32], airway [1],
kidney [33], and cardiac fibrosis [34]. IL-10 has been shown to in-
hibit the proliferation and a-SMA expression of cultured neonatal
cardiac fibroblasts [35] to attenuate extracellular matrix produc-
tion [36], enhance extracellular matrix breakdown via upregula-
tion of proteolytic enzymes [37], and suppress transforming
growth factor-b1expression [37],whereas IL-10deficiency aggra-
vates inflammation and fibrosis [38]. Oxidative stress plays an im-
portant role in the induction of collagen synthesis in cardiac
fibroblasts [39] and in the transdifferentiation of cardiac fibro-
blasts to myofibroblasts [23], which are responsible for the dis-
proportionate accumulation of extracellular matrix components
[40]. Because NO [41] and IL-10 [42, 43] have antioxidative prop-
erties, we suggest that the antifibrotic effects of CardAPs are
partly mediated via the antioxidative actions of NO and IL-10 re-
leased by CardAPs. In agreement with this hypothesis, CardAP
supplementation to Ang II-stimulated cardiac fibroblasts reduced
the collagen production and proliferation of cardiac fibroblasts,
and their transdifferentiation intomyofibroblasts, whichwaspar-
alleled by a decrease in the Ang II-induced production of ROS in
cardiac fibroblasts. In vivo, CardAP application resulted in a re-
duced phosphorylation state of the stress signaling mitogen acti-
vated protein kinase ERK,which is known to be a key player in Ang
II-induced cardiac fibroblast proliferation [44].

Besides its profibrotic potential, ERK also induces hypertro-
phic responses in cardiomyocytes [45], which can be suppressed
via NO [41]. This finding, together with the observations that
both exogenous NO administration [46] and endogenous
NO production [41] prevent cardiac hypertrophy and that
eNOS2/2 mice develop pressure overload-induced/age-related
myocardial hypertrophy [47–50], supports our finding that the
antihypertrophic actions of CardAPs also occurred in an NO-
dependentmanner. The IL-10dependency of CardAPs’ antihyper-
trophic actions is corroborated by the finding that IL-10 exerts
antihypertrophic effects [51], which are reflected in IL-10’s anti-
inflammatory potential and its inhibitory effect on ERK signaling in
cardiomyocytes [52].

Figure 4. Endomyocardial biopsy specimen-derived cells exert promi-
nent immunomodulatory effects in Ang II-treatedmice that have an im-
pact on collagen production in fibroblasts. (A): Bar graphs represent the
mean6SEMthedivision indexof totalMNCs, indicating theactivationof
MNCs in thespleenof control andAng II-treatedmice injectedwithphos-
phate-buffered saline (PBS) or CardAPs, respectively. n = 5–6 per group.
pp, p, .01. (B): CD4+CD25+FoxP3+ T-regulator cells depicted as the per-
centageofCD4cells in thespleenof control andAng II-treatedmiceupon
PBS or CardAPs application, respectively. n = 4–5 per group. p, p, .05.
(C): IL-10-producingCD4+andCD8+Tcells representedas thepercentage
of cells in the spleensof control andAng II-treatedmice injectedwithPBS
or CardAPs, respectively. n = 5–6 per group. p, p, .05; pp, p, .01. (D):
Theabsorbanceat540nmofSiriusRed-stainedmonoculturedfibroblasts
with orwithout 50 ng/ml PMA and 500 ng/ml ionomycin and cocultured
with PMA/ionomycin-activated splenocytes of control, Ang II, and Ang II
CardAPsmice, as indicated. n = 6 per group. p, p, .05; pp, p, .01; and
ppp, p, .001. Abbreviations: Ang, angiotensin; CardAP, cardiac-derived
adherent proliferating cell; IL, interleukin;MNC,mononuclear cell; PMA,
phorbolmyristate acetate.
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Similarly, we demonstrated that CardAP application reduced
the phosphorylation and activation of ERK in Ang IImice. The anti-
hypertrophic effect of CardAPs was further indicated by a de-
crease in LV to body weight ratio and cardiac myosin (heavy
chain) expression, aswell as by the decline inAng II-inducedphos-
phorylation of the protein kinase B, Akt, which is another impor-
tant mediator in Ang II-induced cardiomyocyte hypertrophy [4].

BecauseAng II is also an important promoter of inflammation,
which is a crucial trigger of cardiac fibrosis [29, 53] and hypertro-
phy [54], we further investigated the immunomodulatory actions
ofCardAPs inAng IImice. CardAPs reduced theactivation andpro-
liferation of splenic MNCs and increased the percentage of
CD4CD25FoxP3 Tregs in Ang II mice. Besides an upregulation of
LV IL-10 mRNA expression, CardAPs also raised the percentage

of circulating CD4+IL10+ and CD8+IL10+ Tregs [28] in Ang II mice.
Furthermore, splenocytes fromAng II+CardAPsmice induced less
collagen production in fibroblasts comparedwithMNCs fromAng
II mice. Given the anti-inflammatory [34] and direct antifibrotic
potential of IL-10 [35], these data suggest that the CardAP-
mediated immunomodulation, including the intrinsic increase
in LV IL-10mRNAexpression, aswell as the inductionof circulating
CD4+IL-10+ and CD8+IL-10+ T cells, contributed to the reduction
in cardiac fibrosis in Ang II+CardAPs compared with Ang II mice.
This hypothesis is supported by the observation that transplanta-
tion of wild-type bone marrow MNCs, but not IL-10 knockout
bone marrow MNCs, led to a decrease in collagen deposi-
tion in a myocardial infarction model [55]. These findings also
further corroborate our hypothesis that besides the direct

Figure 5. Endomyocardial biopsy specimen-derived cells reduced cardiac hypertrophy in Ang II-treated mice. (A): Bar graphs represent the
mean 6 SEM of the ratio of LVW to b.w. of control mice and Ang II-treated mice injected with phosphate-buffered saline (PBS) or CardAPs,
as indicated. n = 7–9 per group. pp, p, .01; ppp, p, .001. (B): The ratio ofmyosin (heavy chain) tob-tubulin of control mice and Ang II-treated
mice injectedwithPBSorCardAPs,as indicated.n=5pergroup.ppp,p, .001.Leftpanel showsrepresentativeblotsofmyosinheavychainandb-tubulin
of the respective groups. (C): The ratio of p to tot. ERK1 and ERK2of controlmice andAng II-treatedmice injectedwith PBS or CardAPs, as indicated. n =
4–5pergroup.pp,p, .01.Middlepanel showsrepresentativeblotsofp-ERK1,p-ERK2, tot.ERK1, tot.ERK2,andb-tubulin. (D):Theratioofptotot.Aktof
controlmiceandAngII-treatedmice injectedwithPBSorCardAPs,as indicated.n=6–7pergroup.p,p, .05;pp,p, .01.Leftpanelshowsrepresentative
blots of p-Akt, tot. Akt, and GAPDH. Abbreviations: Ang, angiotensin; b.w., body weight; CardAP, cardiac-derived adherent proliferating cell; GADPH,
glyceraldehyde-3-phosphate dehydrogenase; IL, interleukin; LVW, left ventricular weight; p, phosphorylated; tot., total.
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Figure 6. Endomyocardial biopsy specimen-derived cells reduce Ang II-induced HL-1 cardiomyocyte hypertrophy. (A):Representative pictures
of Cy5-myosin-stainedHL-1 cardiomyocytes (magnification,320) of basal, Ang II-stimulatedHL-1 cells in the presence or absence of CardAPs, as
indicated. (B): Bar graphs representing the mean6 SEM of DiL+/Myosin+ cells depicted as the percentage of gated cells of basal (open bars) or
Ang II-treated (closed bars) HL-1 cells with or without untreated or L-NAME-treated CardAPs or CardAPs in the presence of 1mg/ml anti-human
IL-10 ab.n=4per group. p,p, .05;ppp,p, .001. Abbreviations: ab, antibody; Ang, angiotensin; CardAP, cardiac-derived adherent proliferating
cell; IL, interleukin; L-NAME, nitro-L-argininmethylesterhydrochloride.

Figure 7. Endomyocardial biopsy specimen-derived cells improved left ventricular function inAng II-treatedmice. (A–F):Bar graphs represent-
ing percent ejection fraction (A); CO (B); dP/dtmax (C; dP/dtmin (D) Tau (E); and LVEDP (F) of control mice and Ang II-treated mice injected with
phosphate-buffered saline or CardAPs, as indicated. n =7per group. p,p, .05 versus Ang II; pp,p, .01 versus Ang II; ppp,p, .001 versus Ang II.
Abbreviations: Ang, angiotensin; CardAP, cardiac-derived adherent proliferating cell; CO, cardiac output; dP/dtmax, left ventricle contractility;
dP/dtmin, left ventricular pressure decrease; LVEDP, left ventricular end diastolic pressure.
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cardioprotective effects of CardAPs, the extracardiac immuno-
modulatory effects of CardAPs also contribute to their mediated
improvement in cardiac function [12] and suggest an involvement
of the immunomodulatory effects of CardAPs in their antihypertro-
phic and antifibrotic actions.

Study Limitations

In the present study, the impact of CardAP application inAng IImice
was evaluated by hemodynamic measurements on the day of sac-
rifice, and bymolecular biology, immunohistological, and flow cyto-
metricevaluationof thecharacterizationofunderlyingmechanisms.
In view of translation of the findings to patients, further studies
would be of relevance that evaluated the impact of CardAPs in
Ang IImice,on long-termor inawakeanimals via telemetry, andalso
in larger animals. In this study, CardAPs from young adultmicewith
preserved ejection fraction were used. With respect to translation,
further studiesareneededthatevaluate thepotential of autologous
CardAPs derived from heart failure patients on Ang II-induced car-
diac remodeling. Nevertheless, CardAPs have low immunogenicity
[13], indicating their potential allogenic use and thereby allowing
the use of CardAPs from healthy donors.

CONCLUSION

CardAPs improved the Ang II-induced cardiac remodeling, involv-
ing their antifibrotic, antihypertrophic, and immunomodulatory
properties.
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