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ARTICLE INFO ABSTRACT

Keywords: The adult human heart contains a subpopulation of highly proliferative cells. The role of ErbB receptors in these
Myocardium cells has not been studied. From human left ventricular (LV) epicardial biopsies, we isolated highly proliferative
Neuregulin cells (eHiPC) to characterize the cell surface expression and function of ErbB receptors in the regulation of cell

Cell biology

proliferation and phenotype. We found that human LV eHiPC express all four ErbB receptor subtypes. However,
Cell differentiation

the expression of ErbB receptors varied widely among eHiPC isolated from different subjects. eHiPC with higher
cell surface expression of ErbB2 reproduced the phenotype of endothelial cells and were characterized by en-
dothelial cell-like functional properties. We also found that EGF/ErbB1 induces VEGFR2 expression, while li-
gands for both ErbB1 and ErbB3/4 induce expression of Tie2. The number of CD31P°°CD45"°® endothelial cells is
higher in LV biopsies from subjects with high ErbB2 (ErbB2"¢") eHiPC compared to low ErbB2 (ErbB2'°%)
eHiPC. These findings have important implications for potential strategies to increase the efficacy of cell-based
revascularization of the injured heart, through promotion of an endothelial phenotype in cardiac highly pro-

liferative cells.

1. Introduction

Myocardial response to injury induces a proliferative response that
is associated with intense angiogenesis [13,51,62] and cardiac repair,
as well as adverse remodeling and development of heart failure [12,26].
Different subpopulations of cardiac cells, including fibroblasts [64],
endothelial cells (EC) [62] and cardiac tissue progenitors respond to
injury with increased proliferation [60]. Many studies have demon-
strated that stimulation of EC proliferation is associated with improved
outcomes after experimental cardiac injury [21,27,45,55,58]. In con-
trast, increased proliferation of fibroblasts may induce a pathological
fibrotic process [33,43]. Therefore, better understanding of molecular
mechanisms involved in the regulation of cardiac cell type-specific
proliferation is required for development of new therapeutic ap-
proaches to cure heart disease.

ErbB receptor tyrosine kinase signaling is critical for adult heart
function [42] and repair after cardiac injury [4,20]. There are four ErbB
receptor family members, including ErbB1 (also known as epidermal
growth factor receptor or EGFR), ErbB2, ErbB3 and ErbB4. The ErbB2 is
expressed in multiple cardiac cell types. ErbB2-mediated intracellular

signaling is reliant upon heterodimerization with ErbB1, ErbB3 or
ErbB4 as there is no natural ErbB2 ligand. Both ErbB2 and ErbB4 are
found in cardiomyocytes. Neuregulin-dependent activation of ErbB2/4
signaling in cardiomyocytes results in protection against anthracycline-
and ischemia-induced injuries [2,14,17]. ErbB2, ErbB3, and ErbB4 are
expressed in endothelial cells and regulate angiogenic activity [19,53].
Several studies have demonstrated expression of all four ErbB receptors
in cardiac fibroblasts, where they regulate proliferation and paracrine
signaling [5,24,31].

We have previously shown that human ventricular myocardium
contains a small population of cells which possess remarkable pro-
liferative potential and could be identified by colony-forming ability
[54]. Here we examined whether these cells can be isolated from epi-
cardial biopsies and whether they express functional ErbB receptors.
We found that human eHiPC express ErbB1-4 receptors that vary
among individuals. Experimental studies characterizing baseline and
ligand-activated proliferation and phenotype support the hypothesis
that ErbB ligands and receptors function in eHiPC to regulate en-
dothelial cell proliferation and phenotype.
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Table 1
Baseline clinical characteristics of study population.

All subjects (n = 15)

Age (years) 63.6 = 3.3"
Female 13%

Male 87%

Body Mass Index 29.6 = 1.3
A1C (%) 6.4 = 0.4
Insulin 7%
Non-insulin antidiabetic agent 73%
ACE-inhibitor or ARB 47%
Beta-blocker 67%
Aspirin 27%

Statin 67%

LVEF < 50 N=2
LVEF at least 50% N =13

@ Data presented as mean + SEM, unless otherwise indicated.
2. Methods
2.1. Subjects demographics

The study cohort consisted of 15 patients recruited to undergo intra-
operative myocardial biopsy at the time of scheduled coronary artery
bypass grafting surgery at Maine Medical Center (MMC) in Portland,
Maine. All subjects provided informed consent approved by the MMC
Institutional Review Board. All subjects were over 18 years of age.
Subjects with known active myocarditis, hypertrophic cardiomyopathy,
constrictive pericarditis, significant valvular and/or pericardial disease,
severe pulmonary hypertension, significant hepatic disease or renal
impairment (creatinine > 2.5 mg/dL), severe ventricular arrhythmias,
malignancy other than non-melanoma skin cancers, expected survival
less than one year and inability to provide informed consent were ex-
cluded. Demographic data are presented in Table 1.

2.2. Reagents

EBM-2 Basal Medium and EGM-2 SingleQuot Kit supplement/
growth factors were purchased from Lonza Walkersville, Inc.
(Walkersville, MD), and EGM Cell Growth Medium-2 was prepared
according the manufacturer's instructions. NRG-1 (ECD, 377-HB) and
EGF (236-EG) were purchased from Bio-Techne/R&D Systems. The re-
combinant human glial growth factor 2 (GGF2; neuregulin-1beta3;
USAN - cimaglermin alfa) was provided by Acorda Therapeutics
(Ardsley, NY). Calcein AM and 7-AAD were from ThermoFisher
Scientific/Molecular probes. AG-1478 and TAK-165 were obtained
from Tocris Bioscience (Bristol, UK). AST-1306 was purchased from
SelleckChem (Houston, TX). Collagenase II (345 units/mg, CLS-2) was
purchased from Worthington biochemical Corporation (Lakewood, NJ),
dispase II (04942078001) was from Roche Life Science (Indianapolis,

Table 2
The effect of different cell densities on the number of eHiPC colonies and CD45 cells.
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IN) and DNase I was from Sigma (St. Louis, MO). For experiments in-
volving cell stimulation, final concentrations of dimethyl sulfoxide (Cell
Culture grade, Sigma) did not exceed 0.1%.

2.3. LV epicardial biopsy

All procedures for tissue procurement were performed in com-
pliance with institutional guidelines for human research and an in-
stitutional review board approved protocol at MMC. Anterior LV free
wall epicardial biopsies (average weight 26.4 + 1.8 mg) were ob-
tained during planned coronary artery bypass surgery soon after the
patient was placed on cardiopulmonary bypass, as described [11,65].
The epicardial biopsy was placed in serum-free DMEM medium and
kept on wet ice. All samples were processed within 3 h of collection. All
patients were followed post-operatively until discharge. No adverse
effects or post-operative complications ascribable to the biopsy were
detected, and all patients were discharged alive.

2.4. Preparation of cell suspension from LV epicardial biopsy

Isolation of cardiac stromal cell populations was performed ac-
cording to a protocol published previously [54]. In brief, minced tissue
was incubated in digestion solution (10 mg/ml collagenase II, 2.5 U/ml
dispase II, 1 ug/ml DNase I, and 2.5 mM CaCl,) for 45 min at 37 °C.
After passing through a 70-um cell strainer, the resulting myocyte-free
single-cell suspension was centrifuged at 500 x g, washed with Dul-
becco's PBS, and resuspended in PBS/0.5%BSA/2 mM EDTA. Cells were
counted and the cell suspension was divided into two parts. One part
was immediately used for flow cytometry analysis and the other part
was used to isolate eHiPC.

2.5. Flow cytometric analysis

Cells (10%/ml) were treated with Human TruStain FcX™ (Biolegend,
San Diego, CA) to prevent non-specific binding followed by incubation
with relevant antibodies for 25 min at 4 °C. Cell-surface antigen ex-
pression was examined using the following antibodies: FITC-conjugated
CD45 (HI30), CD90 (Thy-1) and CD105 (43A3), PeCy7-conjugated
CD73 (AD2) and CD309 (VEGFR2, 7D4-6), APC-conjugated CD29 (TS2/
16), CD117 (c-Kit, 104D2) and CD202b (Tie2, 33.1(Ab33)), and APC/
Cy7-conjugated CD31 (WM59) (all from BioLegend, San Diego, CA).
FITC-conjugated CD34 (4H11) and CD49f-PeCy7 (eBioGoH3) were
from eBioscience/Thermo Fisher Scientific.

ErbB receptors were assayed using PE-conjugated anti-human ErbB2
(Fab1129P) and IgG2b isotype-matched control (IC0041P), ErbB3
(Fab3481P) and IgG1 control (IC002P), ErbB4 (Fab11311P) and IgG2a
(IC003P) isotype control. All anti-ERBB antibodies and controls were
purchased from R&D Systems (Minneapolis, MN). All antibodies were
titrated to establish high separation between positive and negative cell

Number of cells seeded Number of Number of p value Number of wells with both colony and p value’ Number of colonies with CD45P cells (% of
per well® wells colonies” non-colony cell expansion CD45 cell)*
50 400 2.6 £ 0.5 - 0.6 = 0.2 - nd
100 200 32 =13 ns 1.0 £ 0.3 ns nd
500 40 3.6 = 0.9 ns 1.2 =+ 0.4 ns nd
1000 20 58 = 1.2 p <005 18 + 0.4 p < 0.05 1.4 = 0.7 (3.1 = 1.2)
2000 10 82 + 1.7 p < 0.05 88 * 0.6 p < 0.001 40 = 1.0
(5.8 = 2.3)

Colony data represent mean = SEM from five independent cell isolations (n = 5); nd — not detected.

2 Cells were seeded in a 48 well culture dish with 1 cm? growth area.
> Number of colonies was determined on day 7.

¢ Percent of CD45P°° cells was evaluated after colonies reached 100% confluence using flow cytometry.
* p-values were calculated using an unpaired t-test in comparison to 50 cells/well; ns — not significant.
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populations while maintaining a low level of background. Isotype-
matched control antibodies were used to determine the level of un-
desired non-specific binding. Fluorescence spillover in multiparametric
multicolor flow cytometric analysis was corrected after including all
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relevant antibodies in the other channels along with an isotype control
antibody in a single channel of interest [34]. The expression of cell
markers and ErbB receptors was determined after subtraction of the
mean fluorescence intensity (MFI) of isotype-matched controls from the
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Fig. 1. Isolation and expansion of human epicardial eHiPC. Single cell suspensions prepared from LV epicardial biopsies were plated into 48 well plates at low cell density (500 cell/cm?)
and analyzed for growing colonies twice weekly. A. Number of viable cells per mg of LV biopsies. B-E. Micrographs of highly-proliferative colony-forming cells (B, C) and cells
characterized by non-colony expansion (D, E). F. Comparison of proliferative potentials of colony-forming and non-colony forming cardiac cells. Cumulative number of population
doublings was calculated by repeated cell number recordings in triplicate cultures at ~90% confluence and plating at a fixed number of 10* cells/cm? in 6 well plates. G. Average number
of eHiPC colonies isolated from individual LV biopsies. H. Representative flow cytometric histograms showing cell surface expression of ErbB1-4 receptors; open histograms represent
specific ErbB1-4 staining, shaded represent the isotype-matched IgG control. I. Graphical representation of ErbB1-4 receptor expression on HiPC; Data are expressed as AMFI and
presented as scatter dot plots. AMFI was calculated by subtraction of the MFI corresponding to cells stained with isotype-matched control antibody from the MFI of the specific ErbB
antibody. The median values (indicated by the horizontal lines) and individual values are shown. J. Expression of ErbB receptors was measured at passage 1 and passage 10 in five eHiPC
clones as described in the text. Significance was calculated using a paired t-test. p values are indicated. K. Effects of recombinant ErbB ligands, 100 nM epidermal growth factor (EGF),
100 nM of neuregulin-1 (NRG) and 100 nM glial growth factor 2 (GGF2) on the proliferation of eHiPC. L. Effects of ErbB antagonists, 100 nM AST1306 (AST, a pan-ErbB inhibitor),
300 nM AG1478 (AG, ErbB1 inhibitor) and 300 nM TAK-165 (TAK, ErbB2 inhibitor) on the EGF-induced proliferation of HiPC; n = 15, One-way ANOVA, p-values for the Bonferroni post
hoc test are indicated.

MEFI of specific antibodies and represented as a delta mean fluorescence stimulation, the culture medium was removed and replaced with a
intensity (AMFI) as described elsewhere [18]. Data acquisition was simplified 10% FBS M199-EBM-2 medium, depleted of growth factors.
performed on a MacsQuant Analyzer 10 (Miltenyi Biotec., Inc.) and the Acid solubilized rat tail collagen I (Corning, Bedford, MA) was neu-

data were analyzed using WinList 5.0 software. When freshly isolated tralized by adding sodium bicarbonate to a concentration of 25 mM and
cardiac cells were analyzed, erythrocytes were lysed with ammonium diluted in serum-free M199-EBM-2 medium to a final concentration of
chloride and small events (microparticles, platelets) were excluded 500 pg/ml. Culture medium was removed from the cell monolayer and
from the analysis by setting a gate to exclude size < 6 pym using non- washed once with PBS. Then cells were overlaid with collagen-con-
fluorescent size calibration microbeads (1,672,312, Life Technologies/ taining serum-free medium and incubated for 3h at 37 °C in a CO,
Thermo Fisher Scientific). Viable and non-viable cells were dis- incubator. Serum-free M199-EBM-2 medium (300 ul) was added to the
tinguished using DAPI (to detect dead nucleated cells) and LIVE/DEAD® well and incubated for an additional 9 h. At the end of the incubation (a
Fixable Violet Stain kit for detection of non-nucleated cell debris (Life total of 12 h), medium was removed and the collagen gel was released
Technologies, Carlsbad, CA). from the walls of the culture dish. Then 500 pl of serum-free M199-

EBM-2 medium containing 2 uM Calcein AM and 5 puM 7-AAD were
2.6. Isolation and culture of eHiPC added to each well and incubated for 30 min. Fluorescence images (4

random fields per well) were collected with an Olympus IX70 micro-
scope and analyzed using ImageJ (National Institutes of Health). En-
dothelial cell morphogenesis was quantified by measuring the total
empty area in a given culture as previously described [56].

To determine the optimal number of cells to produce colonies of
eHiPC from LV epicardial biopsies, we seeded cells at different initial cell
densities and determined the yield of colonies. Numbers of colonies were
examined at 3, 7 and 14 days after isolation. We found no differences in
the total number of colonies when cells were seeded at initial densities of 2.9. Permeability assay
50, 100 or 500 cells/cm? (Table 2). Higher numbers of colonies were

found when cell density was increased to 10°cells/cm® and Epicardial HiPC were plated at a density of 5 x 10° cells /Transwell
2 x 10° cells/cm® However, 24% and 49%, respectively, of these co- unit (6.5 mm diameter, 0.4 pm pore size polycarbonate filter; Corning,
lonies generated from higher density plating contained CD45 positive Kennebunk, ME) and grown for 5 days to form a tight monolayer. Size-
cells indicating immune cell contamination. Also, we found non-colony selective assessment of tight junction paracellular permeability was
cell expansion in almost every well with an initial cell density equal to performed using 4 kDa fluorescein isothiocyanate (FITC)-dextran and
or > 10° cells/cm?, which made evaluation of single colony growth 70 kDa rhodamine B isothiocyanate (RITC)-dextran (Sigma/Aldrich). In
difficult. Based on these data, we used an initial cell density of 500 cells brief, medium was refreshed 1h before the experiment, then 4 kDa
per cm? to produce colonies of eHiPC. Cells were grown using M199- FITC-dextran and 70 kDa RITC-dextran were added to the inner
EGM-2 (3:1, v/v) supplemented with 10% FBS and antibiotic-anti- chamber to a final concentration of 1 mg/ml (for each tracer), and cells
myecotic solution (Sigma). The wells were analyzed for growing colonies were incubated for 3h in a 5% CO, incubator. Paracellular perme-
twice weekly. Rapidly growing clones were harvested and resuspended ability was determined by measuring concentrations of fluorescent
in fresh growth medium at a density of 5 x 10> cells/cm?. Cells were tracers in the outer chamber using a GloMax explorer system (Promega,

cultured under a humidified atmosphere of air/CO, (19:1) at 37 °C for Madison, WI).
one or two passages before using for experiments. One eHiPC colony per

each LV epicardial biopsy was arbitrarily chosen for further analysis. 2.10. Statistical analysis

2.7. Matrigel-based tube formation assay Data were analyzed with GraphPad Prism 4.0 (GraphPad Software
Inc., San Diego, CA). For normally distributed variables, comparisons

Clones of eHiPC cells (1.5 x 10* cells) were seeded on a layer of between two groups were performed using two-tailed unpaired t-tests.
polymerized Growth Factor Reduced (GFR) Matrigel (BD Biosciences) Comparisons between several treatment groups were performed using
in 96 well plate. Cells were incubated for 12 h under humidified at- one-way ANOVA followed by Bonferroni post hoc tests. Data are ex-
mosphere of air/CO5 (19:1) at 37 °C. Tube formation was inspected pressed as median values when distributions are skewed. For variables
under an inverted phase-contrast light Olympus IX-70 microscope with skewed distributions, pairwise comparisons of median values were
equipped with a digital camera. Tube length was analyzed using ImageJ examined using the Mann Whitney test. Wilcoxon matched-pairs signed
software (NIH, Bethesda, MD). rank test was used to compare different subjects within a matched-pairs

study design. A p-value < 0.05 was considered significant.

2.8. Collagen I-induced angiogenesis assay
3. Results
Stimulation of cells with collagen I was performed as previously
described [63] with minor modifications. In brief, cells were plated in 3.1. ErbB1-4 receptors are expressed on eHiPC
24 well plates at a density of 10 cells/cm? and grown to 100% con-
fluence in a M199-EGM-2 growth medium. Twenty-four hours before Anterior LV free wall epicardial biopsies (average weight, 26 mg)

42
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Fig. 2. Analysis of cell surface marker expression on eHiPC. A. Representative flow cytometric histograms demonstrating expression of mesenchymal stem cells and hematopoietic cell
markers; open histograms represent antigen-specific IgGs and shaded ones represent isotype-matched IgGs. B. Graphical representation of flow cytometric data; horizontal lines indicate
median values. C. Correlations between expression of ErbB1-4 receptors and CD31 (PECAM-1) on eHiPC; Pearson correlation coefficient (r;,), Spearman correlation coefficient (ry), and p-
values are shown. D. Cell surface expression of endothelial cell markers in groups of ErbB2"" and ErbB2'°" eHiPC.

were used to obtain approximately 10°> myocyte-depleted cardiac cells
(Fig. 1A). These cells were seeded at low cell density (500 cells/cm?) to
produce colonies of highly proliferative cells. As expected, the cardiac
cell suspension contained a mixture of colony-forming (Fig. 1B and C)
and non-colony-forming cells (Fig. 1D and E). To characterize the
proliferative capability of cardiac cells, we plated colony- and non-
colony expanded cells at a density of 10,000 cells per cm?, and the
cultures were subsequently passaged. Colony-forming cells were cap-
able of > 50 population doublings over ten passages (total time in
culture 42.6 + 1.4 days). In contrast, non-colony cells continued pro-
liferating for only six passages, corresponding to approximately 20
population doublings (Fig. 1F).

The numbers of colony-forming eHiPC from cardiac cell suspensions
obtained from each individual LV biopsy was characterized by mod-
erate inter-individual variability (IIV) with a coefficient of quartile
deviation value of 0.58 (Fig. 1G). After reaching 90% confluence, co-
lonies of eHiPC were analyzed for the expression of ErbB1-4 receptor
using flow cytometry. As shown in Fig. 1H, cell surface expression of all
four ErbB receptors was found on eHiPC. The level of ErbB receptors
varied among eHiPC obtained from different subjects. ErbB2 and ErbB3
showed highest IIV with calculated CQD values of 0.84 and 0.6 re-
spectively (Fig. 1I) compared to ErbB1 and ErbB4 (CQD values: 0.53
and 0.5 respectively).

To determine the stability of ErbB receptor expression during in
vitro passaging, we selected five clones with MFI values corresponding
to minimum, first quartile, median, third quartile, and maximum levels
of each ErbB receptor expression. These clones were maintained in
culture for 10 passages and then used to determine level of ErbB re-
ceptors. As shown in Fig. 1J, the cell surface expression of ErbB1-4
receptors remained unchanged between passages 1 and 10, indicating
the phenotypic stability of cultured eHiPC.

3.2. EGF/ErbB1 signaling promotes proliferation of eHiPC

The activation of ErbB-dependent signaling is known to be associated
with accelerated proliferation and progenitor cell colony formation
[32,50,57]. Stimulation of eHiPC with EGF, an ErbB1 ligand, increased
cell proliferation (389.4 * 36.7 vs. 172.9 + 13.8 x 10° cell/cm?, EGF
vs. basal, Fig. 1K). In contrast, two isoforms of the ErbB3/4 ligand
neuregulin-1f (an immunoglobulin domain-containing recombinant
(NRG-1) and the kringle-domain containing glial growth factor-2
(GGF2)), had no effect on eHiPC proliferation. Accordingly, AG-1478, a
potent and specific ErbB1 antagonist inhibited EGF induced proliferation
(234.0 + 17.9vs. 328.1 *= 24.8 x 10> cell/cm? EGF and AG-1478 vs.
EGF alone, Fig. 1L). In addition, the specific ErbB2 antagonist TAK-165
significantly attenuated the effect of EGF on eHiPC indicating that both
ErbBl and ErbB2 are involved in stimulation of proliferation
(233.2 * 26.9vs. 328.1 = 24.8 x 10° cell/cm? EGF and TAK-165 vs.
EGF alone, Fig. 1L). A pan-ErbB receptor antagonist, AST-1306, de-
monstrated stronger inhibition compared to AG-1478 or TAK-165
(153.0 + 10.8 vs. 234.0 + 17.9 and 233.2 + 26.9 x 10° cell/cm?,
AST-1306 vs. AG-1478 and TAK-165 respectively, Fig. 1L), further con-
firming that cooperation between ErbB1 and ErbB2 contributed to EGF-
induced proliferation of eHiPC.

3.3. ErbB2 expression is associated with endothelial cell marker expression
in eHiPC

To characterize cell surface phenotype, we performed flow cyto-
metric analysis of cell surface markers expressed on eHiPC at passage 1.

44

Immunophenotyping revealed the strong expression of CD105 (en-
doglin), CD73 (ecto-5"-nucleotidase) and CD29 (integrin 1), with un-
detectable expression of CD34, CD117 (c-kit), CD11b, and CD45
(Fig. 2A). This result is similar to the phenotype previously reported for
mesenchymal stem-like and CD105P°° cardiac progenitor cells [10]. In
addition, we found the presence of CD90 (Thy-1), CD49f (integrin alpha
6) and CD31 (PECAM-1) on eHiPC. However, the expression of these
proteins was characterized by large IIV with CQD values of 0.62, 0.94
and 0.68, respectively (Fig. 2B). A strong positive correlation was found
between CD31/PECAM-1 and ErbB2 but not ErbB1, ErbB3 or ErbB4
(Fig. 2C). No relationships were found between ErbB receptors and
CD105, CD73, CD29, CD90 and CD49f (Supplemental Fig. 1).

CD31 is a pan-endothelial cell marker. To further investigate the
association between ErbB2 and additional endothelial cell markers, we
analyzed cell surface expression of vascular endothelial growth factor
receptor 2 (VEGFR2) and receptor tyrosine kinase Tie2. As seen in
Fig. 2D, colonies which expressed high levels of ErbB2 and CD31 were
also characterized by higher expression of VEGFR2 compared to Erb-
B2!°% cells. In contrast, no difference was found in the level of Tie2
expression between ErbB2M5® and ErbB2!°"- expressing colonies.

3.4. ErbB2"" eHiPC display higher endothelial-like morphogenic activity
compared to ErbB2"°" eHiPC

We tested the angiogenic properties of eHiPC using a Matrigel-based
tube formation assay. As shown in Fig. 3A, pro-angiogenic extracellular
matrix induced the formation of a characteristic tube network of both
ErbB2™e" and ErbB2'°" eHiPC. The total tube length, however, was
significantly higher in ErbB2high eHiPC compared to ErbB2low eHiPC
(Fig. 3B). Collagen I, a major component of cardiac muscle ECM, pro-
vokes endothelial cell monolayer reorganization into cord-like struc-
tures, thus promoting formation of new vessels. We found that mono-
layers of ErbB2M&" eHiPC underwent significant retraction and
formation of cord-like structures in response to collagen I (Fig. 3C and
D). In contrast, collagen I induced little or no morphogenic activity in
ErbB2!°% eHiPC (Fig. 3E, F and quantified in 3G). To test whether or not
cell death is involved in the retraction of the ErbB2"&" eHiPC mono-
layer, we performed staining of cells with Calcein AM and 7-AAD. As
shown in Fig. 3H, viable cells were Calcein AM positive (green) and 7-
AAD negative, while permeabilized cells were 7-AAD positive (red) and
Calcein AM negative. Examination of monolayers revealed that re-
traction of ErbB2"&" eHiPC cell monolayers is not due to cell death as
the number of 7-AAD positive cells was not different between basal
conditions and after stimulation with collagen I (Fig. 3I).

3.5. ErbB2"" eHiPC form a less permeable barrier compared to ErbB2'°"
eHiPC

To further characterize endothelial cell-like properties, we per-
formed size-selective analysis of paracellular permeability. We found
that diffusion of both 4 kDa and 70 kDa fluorescently labeled dextrans
across ErbB2"8" and ErbB2'°" eHiPC was significantly reduced com-
pared to empty filters (no cell monolayer). ErbB2"Ms? eHiPC, however,
formed less permeable monolayers compared to ErbB2'°" eHiPC as
indicated by significantly reduced diffusion of dextrans (Fig. 3J and K).
The monolayer formed by ErbB2™2" but not ErbB2'°" eHiPC also re-
stricted diffusion in a size selective manner, indicating formation of
functional tight junctions (Fig. 3L).
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Fig. 3. Assessment of endothelial cell-like properties of ErbB2"8" and ErbB2!°" eHiPC. In vitro angiogenic properties were examined using growth factor reduced Matrigel (A-B) and after

stimulation of eHiPC with collagen I (C-G). Barrier function was measured by paracellular permeability of fluorescently labeled 4 kDa and 70 kDa dextrans (H-L). Representative
microscopic fields (A) and graphical representation (B) of data showing Matrigel-based tube formation by ErbB2"&" (ErbB2™, upper panel) and ErbB2'°" (lower panel) eHiPC, unpaired t-
test. C,D. Representative microscopic fields demonstrating cell retraction and reorganization of the monolayer of ErbB2"&" eHiPC into cord-like structures at 12 h after addition of
500 pg/ml collagen I E, F. In contrast, ErbB2'° eHiPC did not undergo morphogenesis. Bar = 200 um. G. Graphical representation of total empty area after collagen I-induced
morphogenic activity within cultures shown in C-F. Graphs are presented as scatter dot plots and the horizontal lines indicate the median values for each group. Each dot represents
averaged total empty area from four fields per well (two wells per colony) normalized to mm? Significance level (p-value) calculated by Mann Whitney test. H. Calcein AM and 7-AAD
were used to determine number of dead cells (7-AAD positive/Calcein AM negative); the upper left panel represents viable cells, the lower right panel represents dead cells (0.5% Tween
20). I. Number of dead cells under basal (Bas) and collagen I (Col)-induced conditions; ns is not significant, Mann Whitney test. J-L. Diffusive paracellular permeability of 4 kDa (J) and
70 kDa (K) dextrans. Permeability was measured at a 3 h time point in triplicate per individual eHiPC colony and averaged. Empty filter indicates no cells. Horizontal lines demonstrate
mean values. One-way ANOVA, p-values determined by Bonferroni's posttest. L. Paracellular diffusion of 4 kDa and 70 kDa dextrans through eHiPC monolayers was normalized to
diffusion across empty filters, unpaired t-test.

3.6. ErbB ligands promote upregulation of endothelial cell markers CD31/ of CD31P°CD45"¢ endothelial cells was higher in subjects with

PECAM-1, VEGFR2, and Tie2 on eHiPC ErbB2"8" eHiPC compared to ErbB2!°" eHiPC subjects (Fig. 5C).

We compared the effects of ErbB ligands on endothelial marker
expression in groups of ErbB2"8" and ErbB2!°" eHiPC. We found that 4. Discussion
EGF, NRG-1 (NRG) and GGF2 promote upregulation of CD31 cell sur-
face expression in ErbB2"&" eHiPC (Fig. 4A and B). The effect of EGF Our main findings are that human eHiPC express functional ErbB1-4
was stronger than that of NRG-1 or GGF2, which induced similar levels receptors and that ErbB2 signaling contributes to the promotion of an
of CD31 expression. In contrast, we found no effects of ErbB ligands in a endothelial phenotype. Previously, expression of ErbB receptors has

majority of ErbB2'°% eHiPC (Fig. 4C). As shown in Fig. 4D, a pan-ErbB been shown in many different cardiac cell types, including cardiac
inhibitor (AST-1306) and an ErbB1 inhibitor (AG-1478) abolished EGF- myocytes, endothelial cells, fibroblasts, and cardiac macrophages [15].
mediated upregulation of CD31 in ErbB2"" eHiPC (234.1 + 15.0 and However, the expression of ErbB receptors and their role in cardiac cells
259.8 + 23.1 vs. 357.8 = 31.1 AMFI, AST-1306 and AG-1478 in with high proliferative potential has not been previously described. We
combination with EGF vs. EGF alone). An ErbB2 inhibitor (TAK-165) have previously reported that human heart contains a subpopulation of
alone suppressed the EGF-induced increase in CD31 expression cells with high proliferative potential and the capacity to differentiate
(260.4 = 21.0 vs 357.8 = 31.1 AMFI, TAK and EGF vs. EGF alone, into different cell types [54]. Here, we demonstrated that activation of
Fig. 4D) to a similar degree as AST-1306 and AG-1478. Thus it appears variable expression of ErbB receptors on eHiPC determines their pro-

that ErbB2 is required for ErbB-associated regulation of CD31 in eHiPC. liferative and differentiation potential, at least along the endothelial
In contrast to CD31, EGF but not NRG-1 or GGF2 increased VEGFR2 lineage. It appears that the subset of eHiPC with the highest ErbB2
expression on both ErbB2"s" and ErbB2!°" eHiPC (38.8 + 4.3 vs. expression represents a population of endothelial precursor cells and

22.3 * 2.1 AMFI, EGF vs. basal, Fig. 4E and F). Furthermore we found that ErbB ligands give distinct signals to these cells, reflecting their
that AST-1306 and AG-1478 but not TAK-165 prevented the effect of different ErbB complements. These findings expand our understanding
EGF-dependent upregulation of VEGFR2 expression (21.4 = 1.9 and of the role of ErbB signaling in the human heart, and have a number of
23.9 = 2.4 vs. 38.8 = 4.3 AMFI, AST-1306 and AG-1478 in combi- implications.

nation with EGF vs. EGF alone, Fig. 4G). Thus ErbB1 receptor activation The increased proliferative response from cardiac fibroblasts, en-
is sufficient to induce upregulation of cell surface expression of VEGFR2 dothelial cells and progenitors is essential for cardiac repair after heart
in eHiPC. injury. Recently, the role of ErbB2, ErbB3, and ErbB4 receptors in the

As shown in Fig. 4H and I, all three ligands induced upregulation of stimulation of proliferation of normal human cardiac ventricular fi-
Tie2 on eHiPC to a similar degree, irrespective of ErbB2 expression. broblasts has been demonstrated [24]. In our current study, we found

Both AST-1306 and AG-1478, but not TAK-165, were effective in the that EGF, acting via ErbBl and ErbB2, stimulated proliferation of
inhibition of EGF-induced Tie2 expression (40.1 * 2.3 and eHiPC. While ErbB2 signaling is strongly associated with cardiopro-
41.6 = 2.6 vs. 55.5 * 3.7 AMFI, AST-1306 and AG-1478 in combi- tection [6,44], ErbBl-mediated signaling contributes to both pro-re-
nation with EGF vs. EGF alone, Fig. 4J). However, only the pan-ErbB parative (e.g. angiogenesis [36]) and adverse remodeling processes
inhibitor AST-1306 but not AG-1478 or TAK165 abolished the effect of [39,47,59]. Further studies examining the role of eHiPC in cardiac
NRG-1 (39.2 *+ 3.1 vs. 55.3 = 4.5 AMFIL, AST-1306 in combination disorders will help to investigate the effect of ErbB1/2-dependent ac-
with NRG-1 vs. NRG-1 alone, Fig. 4K) and GGF2 (33.9 * 3.9 vs. tivation of eHiPC proliferation. Surprisingly, we found no effect of
58.7 + 2.2 AMFI, AST-1306 in combination with GGF2 vs. GGF2 NRG-1 or GGF2 on eHiPC proliferation. One potential explanation is
alone, Fig. 4L). These data suggested that ErbB1 and ErbB3/4 receptors that ErbB3 and ErbB4 receptors are expressed at a low level which is
are sufficient to induce upregulation of Tie2 on eHiPC. not sufficient for the activation of eHiPC proliferation.
One of the most interesting and novel findings from our study is
related to the association of ErbB2 expression with an endothelial

3.7. The number of endothelial cells in LV epicardial biopsies is higher in phenotype of eHiPC. Besides its role as a pan-endothelial marker, CD31
subjects with high expression of ErbB2 on eHiPC signaling is involved in the maintenance of vascular integrity [49],
endothelial cell migration, angiogenesis, and survival [9,16,22]. Our

Freshly isolated cell suspensions were analyzed to determine the data show that ErbB2M#"CD31"8" eHiPC are characterized by higher
number of endothelial cells in LV epicardial biopsies obtained from proangiogenic and barrier properties compared to ErbB2°% eHiPC
subjects with high and low expression of ErbB2 on eHiPC using flow which express a low CD31 level. Our study provides new evidence for
cytometry. Endothelial cells were defined as CD31 positive cells within the role of ErbB2 signaling in directing eHiPC toward an endothelial
the CD45 negative (non-immune) cell population and represented a lineage in adult hearts. Thus, we found that the number of CD31 en-
minor fraction of total isolated cells (Fig. 5A). We found that cell sus- dothelial cells in biopsies obtained from subjects with ErbB2"8" eHiPC
pensions obtained from subjects with ErbB2Ms® eHiPC were char- is higher compared to subjects with ErbB2!°" eHiPC. Recently, a new
acterized by comparatively higher percentages of CD31 positive en- role of ErbB2 in the coronary vasculature was described [1]. ErbB2
dothelial cells than from subjects with ErbB2'°" eHiPC. There was no interacts with neuropilin-1 to form the Sema3d co-receptor required for
difference in the total number of cells (Fig. 5B). However, the number proper formation of coronary veins in developing hearts. Because
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Fig. 4. ErbB ligands, EGF, NRG-1 and GGF2 upregulate cell surface expression of endothelial cell markers. Progenitors were serum-starved for 24 h and then incubated in the absence
(Basal) or presence of 100 ng/ml of EGF, 100 ng/ml of NRG-1 (NRG) or 100 ng/ml of GGF2 for 48 h. A. Representative flow cytometric histograms showing the effect of EGF (red) on cell
surface expression of CD31. B,C. Graphical representation of the effects of ErbB ligands on CD31 expression in ErbBM8" (n = 8) (B) and ErbB2"°" (n = 7) (C) eHiPC, paired t-test. D. Effect
of ErbB receptor antagonists on CD31 expression in five colonies with high response to EGF, one-way ANOVA, p-values for the Bonferroni post hoc test are indicated. E, F. Effect of ErbB
agonists on cell surface expression of VEGFR2 in ErbB"&" (E) and ErbB'®" (F) eHiPC; paired t-test. G. Effect of ErbB receptor antagonists on VEGFR2 cell surface expression; one-way
ANOVA, p-values are indicated (Bonferroni's multiple comparison test). H,I. Effect of ErbB agonists on cell surface expression of Tie2 in ErbBM8" (H) and ErbB'" (I) eHiPC; paired t-test. J-
L. Effect of ErbB receptor antagonists on Tie2 cell surface expression in cells stimulated with EGF (J), NRG-1 (K) or GGF2 (L); one-way ANOVA, p-values are indicated (Bonferroni's
multiple comparison test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

neuropilin-1 is expressed in endothelial precursors and promotes their
endothelial phenotype, it would be interesting to understand whether
ErbB2 and neuropilin-1 interactions play a role in the maintenance of
microvasculature of the adult heart.

We also found that EGF/ErbBl signaling is involved in the

47

upregulation of VEGFR2, the main VEGF receptor on endothelial cells.
VEGFR2 is crucial for endothelial cell biology during development and
in the adult, as it regulates angiogenesis and vascular permeability
[25]. Several studies have demonstrated that ErbB1 induces upregula-
tion of VEGF [61]. Our data indicate that ErbB1 activation can increase
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Fig. 5. Endothelial cell number is higher in LV epicardial biopsies obtained from subjects with ErbB2"&" eHiPC compared to subjects with ErbB2!°" eHiPC. A. Representative flow
cytometric dot plots demonstrating the percentage of endothelial cells in cell suspensions prepared from LV epicardial biopsies obtained from subjects with ErbB2"2" eHiPC (upper panel)
and ErbB'® eHiPC (lower panel). Microbeads were used to gate events with size higher than 6 um (SSC-A/FSC-A, upper panel, left plot). Dead cells and cell debris were excluded using
amine-reactive dye (VioDye, LIVE/DEAD® Fixable Dead Cell kit) and cell aggregates were excluded using FSC-H/FSC-A. Endothelial cells (blue gate, right plot) were defined as
CD31P*CD45"¢ cells. B. Number of viable cells obtained from LV epicardial biopsies of subjects with ErbB2"#" and ErbB2'°" eHiPC; unpaired t-test. C. Number of EC in the epicardium of
subjects with high and low expression of ErbB2 on eHiPC; number of EC was calculated using percent of CD31P°°CD45"¢ cells and total number of cells; unpaired t-test. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cell surface expression of VEGFR2, supporting a model where EGF
pretreatment can increase the sensitivity of eHiPC to proangiogenic
stimulation. This result might also explain the high expression of
VEGFR2 on cells expressing a high level of ErbB1 [52].

Our data indicate that ErbB signaling also regulates expression of
the angiopoietin receptor Tie2 on eHiPC. Angiopoetin-1 contributes to
angiogenesis and survival of endothelial cells [8,23,46]. In contrast to
another potent proangiogenic factor, VEGF, Ang-1/Tie2 signaling con-
tributes to the stabilization and maturation of growing vasculature and
to decreased vascular permeability [8]. Tie2 expression was upregu-
lated to a similar extent by EGF, NRG-1 and GGF2. Recently, re-
combinant GGF2 have been shown to induce sustained beneficial im-
provement in cardiac function in subjects with heart failure [30]. Thus,
the current data suggest that a possible effect on cardiac vasculature
should be considered among the mechanisms for this effect of NRGs.

Cardiomyopathy is one of the major side effects of targeted therapy
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for ErbB2-positive cancers [7]. Although the exact mechanisms are still
under investigation, the published data indicate that inhibition of
ErbB2 results in increased generation of reactive oxygen species
[28,41], downregulation of pro-survival PI3K/AKT signaling [48] and
improper functioning of excitation—contraction coupling machinery and
loss of contractile function [44]. Recently, we have shown that en-
dothelial cells represent one of the major subpopulations of pro-
liferating cells in the adult heart [3], indicating endothelial renewal in
vivo. Our current findings suggest that ErbB2-targeted therapy may
prevent endothelial differentiation of highly proliferative cells and
perhaps contribute to endothelial dysfunction and development of
cardiomyopathy [29].

One of the potential uses of highly proliferative cardiac cells is to
generate high numbers of cells with pro-reparative properties in vitro,
from a small amount of cardiac tissue obtained by biopsy, and re-
implant these cells to promote cardiac repair. Thus, cardiosphere-
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derived CD105P°° cells have been selected for their high rates of pro-
liferation from endomyocardial biopsies [38,40]. These cells exhibited
higher potency in restoring ventricular function post-MI [37]. Cur-
rently, these cells are being investigated in clinical trials as potential
candidates for cell therapy [35,38]. Our data suggest that stimulation of
ErbB2 expression on cardiac-derived highly proliferative cells may in-
crease their therapeutic potential to promote revascularization. More
research is needed to fully evaluate this hypothesis.

In summary, we demonstrate that human eHiPC express all four
subtypes of ErbB receptors. The expression of ErbB receptor subtypes is
characterized by large inter-individual variability. Our data demon-
strate that eHiPC cells evoke diverse responses depending on the level
of specific subtypes of ErbB receptor expression. These data suggest that
ErbB receptor expression profile may predetermine the biological fate
of eHiPC and their contribution to cardiac repair through promotion of
an eHiPC endothelial phenotype.
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