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Aims: Cardiac progenitor cells (CPCs) have been isolated from adult and developing hearts using an anti-mouse
Sca-1 antibody. However, the absence of a human Sca-1 homologue has hampered the clinical application of the
CPCs. Therefore, we generated novel monoclonal antibodies (mAbs) specifically raised against surface markers
expressed by resident humanCPCs. Here,we explored the suitability of one of thesemAbs,mAb C19, for the iden-
tification, isolation and characterization of CPCs from fetal heart tissue and differentiating cultures of human em-
bryonic stem cells (hESCs).
Methods & results: Using whole-cell immunization, mAbs were raised against Sca-1+ CPCs and screened for re-
activity to various CPC lines by flow cytometry. mAb C19was found to be specific for Sca-1+ CPCs, with high cell
surface binding capabilities. mAb C19 stained small stem-like cells in cardiac tissue sections. Moreover, during
differentiation of hESCs towards cardiomyocytes, a transient population of cells with mAb C19 reactivity was
identified and isolated using magnetic-activated cell sorting. Their cell fate was tracked and found to improve
cardiomyocyte purity from hESC-derived cultures. mAb C19+ CPCs, from both hESC differentiation and fetal

heart tissues, were maintained and expanded in culture, while retaining their CPC-like characteristics and their
ability to further differentiate into cardiomyocytes by stimulation with TGFβ1. Finally, gene expression profiling
of thesemAb C19+CPCs suggested a highly angiogenic nature, whichwas further validated by cell-based angio-
genesis assays.
Conclusion:mAb C19 is a new surfacemarker for the isolation ofmultipotent CPCs fromboth human heart tissues
and differentiating hESCs.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The heart has long been considered to be an organwith very limited
regenerative capabilities. This has been challenged by several studies
reporting that the heart harbors a resident population of cardiac pro-
genitor cells (CPCs) that might be used to repair the injured heart [1].
A variety of isolation methods, such as cardiosphere formation, and
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the use of surface markers like c-kit, kinase domain receptor (KDR)
and stem cell antigen-1 (Sca-1), have been utilized to enrich for these
cells from both adult and fetal hearts, but there is yet to be a consensus
on what markers to use to define these cells [2]. In addition, different
isolation methods yield distinct binding profiles of stem cell markers,
suggesting that they represent different progenitor populations or dif-
ferent stages of pluripotency. CPCs can potentially be used for cell-
based cardiac repair, but in order to achieve feasibility and patient safety
when applied for cell therapy purposes, there is a need to develop better
tools to define a more homogenous population of resident CPCs. There-
fore, the aim of this study was to generate a panel of novel monoclonal
antibodies (mAbs) targeting surface epitopes on resident human heart-
derived CPCs.

The generated antibodies were selected against heart-derived CPCs,
which are isolated based on reactivity against mouse Sca-1 antibody,
and can be found in both adult and fetal human hearts [3–5]. These
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Sca-1+ CPCs are multipotent, and able to generate all three cell types
thatmake up the heart: cardiomyocytes, smoothmuscle cells and endo-
thelial cells. They are amenable to expansion in culture,making theman
ideal stemcell source for cell-based cardiac repair. In addition, they have
been shown to be able to engraft and differentiate in vivo when
transplanted into the infarcted mouse heart and improve survival and
long-term cardiac function [6]. The anti-mouse Sca-1 antibody has
proven to be useful in identifying a homogeneous and robust population
of heart-derived human CPCs. However, there is no Sca-1 homologue in
the human genome [7]. To date it remains unclear which epitope on
human CPCs is recognized by this antibody, thereby significantly ham-
pering a clinical application. A new panel of mAbs raised against surface
epitopes expressed by Sca-1+ CPCs will provide human specific alter-
natives to replace the anti-mouse Sca-1 antibody in the isolation of
human CPCs.

Besides heart-derived CPCs, embryonic stem cell differentiation
has been used to model heart development, both in mice and
human [8,9]. Key stages of human heart development are known,
and the transcription and signaling pathways involved in its regula-
tion are well-established from mouse models. However, conflicting
results often arise when looking at surface markers expressed on
CPCs and comparing these markers between heart development
and the differentiation process of human embryonic stem cells
(hESCs) towards cardiomyocytes. These discrepancies are typically
attributed to differences in maturity and developmental stages of
the progenitor cells [10]. Therefore, our panel of CPC-specific mAbs,
can be a powerful tool in addressing some of these fundamental
questions regarding the similarities and differences between heart-
derived CPCs (heart-CPCs), and CPCs isolated from in vitro hESC dif-
ferentiation (hESC-CPCs).

In this study, we describe the use of mAb C19, one of the antibodies
fromour panel of heart-CPC-specificmAbs, as a novel surfacemarker al-
ternative for Sca-1 in the isolation of CPC populations. mAb C19 was
found to recognize a glycosylated form of the glucose-regulated protein,
78 kDa (GRP78) found on the cell surface of CPCs. We characterized
mAb C19 binding to Sca-1+ CPCs and performed heart tissue microar-
rays to show its ability to enrich for a multipotent cardiovascular CPC
population from both differentiating hESC cultures and primary heart
tissue.

2. Methods

2.1. Culture and differentiation of heart- and hESC-CPCs

For human fetal tissue collection and atrial biopsies, individual per-
mission was obtained using standard informed consent procedures
and conforms to the Declaration of Helsinki. Prior approval of the ethics
committee of the Leiden University Medical Centre was granted. Sca-
1+ CPCs isolated from cardiac tissue were used for immunization and
antibody screening (Supplementary methods). CPCs isolated from
both heart tissue and hESC culture were maintained in culture as previ-
ously described [3]. The differentiation of these CPCs was induced with
5 μM 5-azacytidine (Sigma) in the first 3 days of differentiation, follow-
ed by transforming growth factor beta-1 (TGFβ1) (Peprotech) stimula-
tion at 1 ng/ml.

2.2. hESC culture and differentiation into cardiomyocytes

The HES-3 (ES Cell International) cell line was used in this study.
hESCs were maintained as co-cultures on inactivated mouse feeders as
described previously [11]. The directed differentiation protocol follows
that described by Lecina et al. [12]. Briefly, HES-3 co-cultures were
mechanically dissociated with EZ-Passage to form aggregates in ultra-
low attachment plates in serum-free medium supplemented with
5 μM of the p38 MAPK inhibitor, SB203580 (Sigma), for the first
8 days. Themedium, including inhibitor, was refreshed every other day.
For continued differentiation after sorting, cells were harvested by
incubation with TrypLE (Invitrogen) at 37 °C for 5 min. The single cell
suspension was re-aggregated by centrifugation at 100 ×g for 5 min in
Aggrewell 800 plates (StemCell Technologies) to generate embryoid
bodies (EBs) of 5000 cells in size. After 2 days, EBs were transferred to
24-well plates at 80 EBs/well, and allowed to mature with medium
change every two days.

2.3. Enrichment of mAb C19 and anti-Sca-1 binding cells with MACS

Magnetic bead separation based on the MACS technology (Miltenyi
Biotec) was used to enrich for mAb C19+ cells from differentiating
hESCs. Cells harvested on Day 7 of hESC differentiation were incubated
at 4 °C with mAb C19 for 30 min, followed by anti-mouse FITC (1:500,
DAKO) for 15 min, and finally with anti-FITC microbeads (Miltenyi
Biotec) for 15 min, before adding the cell suspension to the magnetic
column for cell separation. The flow-through (mAb C19-) and eluted
(mAb C19+) fractionswere collected for analysis. Heart-CPCswere iso-
lated from heart tissue as previously described ([3] and Supplementary
Methods).

2.4. Gene expression and microarray study

Total RNA was isolated using the RNeasy Mini Kit (Qiagen), and
cDNA was generated using the Maxima Reverse Transcription sys-
tem (Thermo Scientific) according to the manufacturer's protocols.
Real-time PCR with SYBR green detection was performed using an
ABI Prism 7500 Fast thermocycler (Applied Biosystems) with
primers listed in Supplementary Table 1. Gene expression was nor-
malized against GAPDH (unless otherwise stated) as the housekeep-
ing gene and samples were run as triplicates. For microarray studies,
total RNA was processed with the Affymetrix 3' IVT Express Kit and
the resultant labeled cRNA hybridized to GeneChip Human Genome
U133 Plus 2.0 Array. The GeneChip Command Console Software
was used for acquisition, normalization and analysis, and DAVID
[13] was used for bioinformatics analysis and gene ontology
classification.

2.5. Angiogenesis assay

In vitro tube formation assay for the sorted cells was conducted
with the Angiogenesis Kit (Millipore). Cells were cultured for 20 h
at 37 °C/5% CO2 in EGM-2 (Lonza) supplemented with 50 ng/ml vas-
cular endothelial growth factor (VEGF). Phase contrast images were
taken and analyzed using the Angiogenesis Analyzer plugin for
ImageJ (developed by Gilles Carpentier, http://image.bio.methods.
free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ).

2.6. Statistics

Unless otherwise stated, experiments were conducted minimally in
triplicates. Unpaired Student's t-test was used to calculate the p-value,
of which p b 0.05 is deemed to be biologically significant.

3. Results

3.1. Characterization of mAb C19 and its binding to CPCs

A panel of monoclonal antibodies was raised against heart-derived
Sca-1+ CPCs (Supplementary Table 2), of whichmAb C19 was selected
for further investigation. mAb C19 was shown by flow cytometry to
bind strongly (N90%) to the CPC line used for immunization, and two
other Sca-1+ CPC lines derived from separate patients. In comparison,
negligible binding (b5%) towards hESCs (HES-3) and 2 human fibro-
blast lines (IMR90 and hFF)was observed (Fig. 1A & S1A). Immunocyto-
chemistry staining on Sca-1+ CPC, hESC, and fibroblast lines verified
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Fig. 1.Characterization ofmAb C19. Legend: (A) Flow cytometry analysis ofmAb C19 binding against heart-CPCs, hESCs and human lungfibroblast, IMR90, andhuman foreskinfibroblasts,
hFF. (B) Immunostaining of Sca-1+ CPCs, under non-permeabilized (left), and permeabilized conditions (right), with mAb C19 showing cell surface and a punctate intracellular binding
pattern, respectively. (C) Western blot of samples obtained by immunoprecipitation with mAb C19 on heart-CPC whole cell lysates with biotin-tagged cell surface proteins. The antigen
bandwas identified to be of about 67 kDa (boxed) and analyzed bymass spectrometry. Confirmatory testwith a commercial antibody against GRP78 verified the identity of the antigen for
mAbC19. The abovefigures are representative data from at least three independent experiments. (D) Co-staining ofmAbC19with a commercial anti-GRP78 antibody demonstrated bind-
ing of both antibodies to Sca-1+ CPCs. However, whilemAb C19 showed a uniform staining on the cell surface, commercial anti-GRP78was intracellular localized, with stronger staining
near the nucleus.
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the flow cytometry data. mAb C19 showed strong and even staining
on themajority of Sca-1+ CPCs, with negligible binding to hESCs and
hFFs (Fig. S1B). In addition, mAb C19 bound uniformly to the surface
of fixed Sca-1+ CPCs in culture, while permeabilization of the cells
resulted in a diffuse punctate staining pattern (Fig. 1B). Some cells
showed stronger binding in regions closer to the nucleus, suggesting
that the antigen of mAb C19 was present both on the cell surface and
in the cytoplasm.

The antigen target for mAb C19 on Sca-1+ CPCs was further elu-
cidated. Western blot and dot blot analysis of CPC lysates under de-
naturing conditions using SDS failed to identify any binding
antigen targets, suggesting that antibody recognition is dependent
on the native conformation of the antigen (Figure S2A). Periodate
treatment of the lysate abolished the binding between mAb C19
and its antigen, indicating that antigen-antibody recognitionwas de-
pendent on glycosylation of the antigen (Figure S2B). In order to cir-
cumvent the antigen's sensitivity to denaturing SDS, proteins on the
cell surface were conjugated with biotin and visualized indirectly
with HRP-conjugated streptavidin. Immunoprecipitation with mAb
C19 pulled-down a unique and strongly expressed band of
~67 kDa. Mass spectrometry analysis identified the band as 78 kDa
glucose-regulated protein (GRP78), also known as binding
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immunoglobulin protein (BiP). A cross-probe with a commercial
antibody recognizing GRP78 identified a band at a similar size after
immunoprecipitation with mAb C19, validating the antigen identity
(Fig. 1C).

While GRP78 andmAb C19 localized to the same cell, a difference in
subcellular localization was observed, with mAb C19 and commercial
anti-GRP78 being present on the cell surface and near the nucleus re-
spectively (Fig. 1D). As mAb C19 was raised against surface epitopes,
we speculated that mAb C19 recognized only a subset of the GRP78
present in the cell, of which the intracellular form predominated, ac-
counting for the differences in staining pattern.

3.2. Isolation and characterization of mAb C19+ heart-CPCs

To determine ifmAb C19 could replace the anti-Sca-1 antibody for the
isolation of CPCs from human heart tissue, we used a similar method of
Fig. 2. Characterization of mAb C19+ heart-CPCs and localization of mAb C19 in human heart t
markers inmAb C19+ and Sca-1+ heart-CPCs isolated from fetal heart tissue (n= 3). (B) Stro
staining of mAb C19 with markers for myocardium (cTnI), epicardium (WT1), endothelium (P
localized to the smooth muscle layer of large blood vessels, cardiac valve and epicardium. In ad
sorting heart-CPCs with the newly identified mAb C19 and compared
the mAb C19+ cells with the original Sca-1+ CPC population. MACS
with mAb C19 yielded more cells compared to isolation using the anti-
mouse Sca-1 antibody (Figure S3A top)whichmay reflect a higher affinity
of the human mAb C19 towards human cells. The mAb C19+ cells had a
morphology similar to Sca-1+ CPCs and expressed early cardiac markers
(Fig. 2A, Figure S3A bottom and Figure S3B). Markers for mature
cardiomyocytes like betamyosin heavy chain (bMHC) and cardiac tropo-
nin T (cTnT) were absent in both cell lines (data not shown). Further-
more, mAb C19+ heart-CPCs were amiable to culture under conditions
established for the Sca-1+ CPCs with comparable proliferation rate (not
shown), and showed strong retention of mAb C19 binding for at least
16 passages (Fig. 2B and Figure S3C).

Immunofluorescent staining on fetal heart tissue was performed
using mAb C19 to determine the cell types being recognized. mAb C19
co-localized with nuclear Wilm's tumor 1 (WT1) in the epicardium
issue. Legend: (A) Relative gene expression of intracellular and surface cardiac progenitor
ng surface binding of mAb C19 to mAb C19+ CPCs isolated from aWeek 15 heart. (C) Co-
ECAM-1) and smooth muscle cells (aSMA) on sections of fetal heart tissue. mAb C19 was
dition, mAb C19+ CPC-like cells were identified within the myocardium.
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which is the outer-most layer of the heart known to contain progenitor
cells. StrongmAb C19 stainingwas also observed in blood vesselswhere
it was present in alpha smooth muscle actin (aSMA)+ cells,
representing the smoothmuscle layer, as well as in some platelet endo-
thelial cell adhesion molecule 1(PECAM-1)+ endothelial cells. With re-
spect to the latter observation, mAb C19 was likewise found in the
endothelial lining of the cardiac valve. Finally, mAb 19 seemed to recog-
nize cells within themyocardial layer of the heart whichmay represent
a progenitor cell population (Fig. 2C).

To determinewhether the strong surface binding of mAb C19 is spe-
cific for CPCs, immunocytochemistry on various human (heart) cell
types was performed (Figure S3D). The stainings revealed an intracellu-
lar localization of mAb C19 in cobble epicardial-derived cells,
representing the inactive epicardium, endothelial cells, cardiac fibro-
blasts and smooth muscle cells.

Altogether, this suggested thatmembrane localization ofmAb C19 is
specific for CPCs.
Fig. 3.mAb C19 identifies cardiac progenitors during hESC differentiation. Legend: (A) Represe
markers MF20 and cTnT during the differentiation of hESC to cardiomyocytes. mAb C19 was o
during the initial phase of differentiation, and reached peak binding one day before the onset
differentiation progressed. This trendwas observed in all three independent differentiation run
ferentiation, showing almost half ofmAb C19+ cells beingMEF2C+. (C) Co-stain of mAb C19w
of these markers in emerging cardiac clusters in Day 7 replated EBs. Cells surrounding these ca
3.3. mAb C19 in identification and isolation of cardiac progenitors during
hESC differentiation

As established in the previous sections that mAb C19 recognized a
surface antigen on human heart-CPCs, we speculated that it may also
bind to a similar CPC-like population that arises transiently during the
continuum of differentiation from hESCs to cardiomyocytes. HES-3
was differentiated into cardiomyocytes over a period of 20 days and
the binding of mAb C19 was tracked by flow cytometry. A distinct
mAb C19+ sub-population of cells was found to arise fromDay 4 of dif-
ferentiation onwards. This sub-population increased in proportion until
it peaked on Day 7, before gradually dropping in numbers as differenti-
ation proceeded (Fig. 3A). The peak in mAb C19 binding was found to
occur just before the appearance of MF20+ and cTnT+ cells, and the
onset of beating clusters, both indicators of functional cardiomyocytes.
In addition, mAb C19 staining showed a strong overlap with intracellu-
lar cardiac markers like MEF2C, GATA4 and NKX2.5 during the early
ntative plot tracking the binding of mAb C19 based on flow cytometry, along with cardiac
bserved to have a temporal binding profile. The percentage of mAb C19+ cells increased
of beating clusters and expression of mature cardiac markers, before dropping in levels as
s. (B) Flow cytometrywithmAb C19 and cardiac progenitor marker Mef2c on Day 6 of dif-
ith cardiac transcription factors, MEF2C, GATA4 and NKX2.5, demonstrating co-expression
rdiac clusters did not stain for mAb C19.
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stages (Days 5 to 7) of hESC differentiation when analyzed by flow cy-
tometry and immunofluorescence (Fig. 3C & Figure S4A & B). Whereas,
on Day 9, when cells have matured past the cardiac progenitor stage, a
sub-population of residual mAb C19+ cells were found in addition to
the co-stained cells (Figure S4C). These results suggested that mAb
C19 recognized a CPC population during hESC differentiation. To deter-
mine the lineage specificity of mAb C19 in identifying cardiac progeni-
tors, its binding during differentiation of hESCs to neural progenitors
was also determined, but no activity could be found (Figure S5A).

Co-stainings with other previously reported cardiac progenitor sur-
face markers, Sca-1 [3], KDR [10], and c-kit [14], were also conducted
6 days after the onset of hESC differentiation (Figure S5B). As expected,
b5%of the population stained for Sca-1 or c-kit as these twomarkers are
more commonly used in isolations from heart tissue. In contrast, KDR
has been reported to identify cardiovascular progenitor cells from
hESCs undergoing cardiac differentiation. Of the 9% that was found to
be KDR+ on Day 6 of hESC differentiation, half also bound mAb C19,
suggesting that mAb C19 has utility in identifying a subset of the previ-
ously reported KDR+ hESC-CPCs [10].

Enrichment for hESC-CPCs on Day 7 (day of peak binding) using
mAb C19, yielded a relatively high cell purity in both fractions and
cells with a morphology similar to Sca-1+ CPCs, derived from the
heart (Figure S6A & B). When compared with Sca-1+ heart-CPCs, ex-
pression of early cardiomyocyte markers (MESP1, GATA4 & NKX2.5)
for these mAb C19+ hESC-CPCs was similar. However, expression of
late cardiomyocyte markers (bMHC, C.ACTININ & TROPT) was signifi-
cantly higher as the cells are undergoing differentiation down the cardi-
ac lineage when sorting was conducted (Figure S5C).

Both positive and negative mAb C19 hESC fractionswere successful-
ly cultured under heart-CPC growth conditions. The mAb C19+ hESC-
CPCs had a high growth rate, with a doubling time of (31.8 ± 1.7)
hours, allowing for 1:6 split ratio every 3 days, and could bemaintained
in culture for at least 15 passages while retaining highmAb C19 binding
(Figure S7A & B) and cardiac gene expression (data not shown). In con-
trast, mAb C19- cells undergo senescence around passage 7, whichmay
indicate that these cells have passed the progenitor cell stage at the time
of isolation.

Altogether, mAb C19 was able to isolate a cell population during
hESC differentiation with CPC nature. These hESC-CPCs could be main-
tained in culture while retaining their CPC characteristics such as high
proliferative rates and expression of cardiac markers.

3.4. Ability of mAb C19+ heart- and hESC-CPCs to form cardiomyocytes

Having isolated CPCs from both hESC differentiation and heart tissue
using mAb C19, the fate of these cells was investigated. Heart-derived
Sca-1+ CPCs are induced to differentiate into cardiomyocytes when
stimulated with 5-azacytidine and TGFβ1 [3]. Therefore, the isolated
mAb C19+ CPCs were cultured and differentiated using this protocol
to investigate if they responded to the same cues as the Sca-1+ CPCs.

mAb C19+ heart-CPCs were found to be able to differentiate into
cardiomyocytes by stimulation with 5-azacytidine and TGFβ1. After
3 weeks of differentiation, up-regulation of Troponin I (cTnI) as well
as sarcomeric organizations were observed (Fig. 4A). Similarly, mAb
C19+ hESC-CPCs were able to differentiate into cardiomyocytes as
demonstrated by the increased expression of the late cardiac markers
bMHC and cTnT after 21 days of differentiation and the appearance of
defined sarcomeres (Fig. 4B).

In addition to stimulationwith 5-azacytidine and TGFβ1, the contin-
ued differentiation of hESCs as EBs was simulated via forced re-
aggregation in Aggrewells. While mAb C19 reactivity decreased for the
unsorted control and C19- population, similar to the usual hESC differ-
entiation protocol, mAb C19 binding remained high both 5 days and
10 days post-aggregation. In addition, when the extent of cardiomyo-
cyte differentiation was quantified 5 days after MACS by flow cytome-
try, the proportion of MF20+ and cTnT+ cells was significantly
higher for mAb C19+ hESC-CPCs, and this difference was further
extended 10 days post-sort (Fig. 4C). Beating aggregates were only ob-
served in the mAb C19+ population (data not shown). Therefore, the
enrichment for mAb C19+ hESC-CPCs was shown to improve cardio-
myocyte differentiation (compared to a starting population of mixed
cells, containing only about 20%mAb C19+ cells in the unsorted aggre-
gates), and these mAb C19+ hESC-CPCs retained the ability to mature
into cardiomyocytes after isolation in the absence of supporting mAb
C19- cells.

Hence, mAb C19+ CPCs were responsive to both the TGFβ1 stimu-
lation, like Sca-1+ CPCs, and also to EB formation, like hESC cultures;
and were capable to further mature and form cardiomyocytes after iso-
lation and in vitro culture.

3.5. Gene expression profiling of mAb C19+ hESC- and heart-CPCs

In order to gain a better understanding of the mAb C19+ hESC-
and heart-CPC identity, microarray profiling was conducted. Biolog-
ical triplicates of mAb C19+ and mAb C19- fractions sorted 7 days
after differentiation were compared using Affymetrix U133 human
genome chips. Genes that showed more than a 4-fold differential
regulation were subjected to analysis by DAVID to categorize them
based on their gene-ontology biological function. Table 1A summa-
rizes the microarray results obtained for mAb C19+ hESC-CPCs,
and the top ten categories based on the p-value are listed. Unexpect-
edly, from the list of genes with lower expression, a high frequency
of genes involved in heart and muscle development was observed.
This might be attributed to the possibility of early cardiomyocytes
that have passed the progenitor stage and lost mAb C19 expression,
and therefore found in the negative fraction, skewing the expression
of mature cardiac genes in that fraction. Additionally, highest
amongst the up-regulated genes were genes involved in epithelium
development, such as annexin A1, epithelial membrane protein 1,
and uroplakin 1B (Table S3A), in addition to many other genes in-
volved in transcription and metabolic regulation.

Similarly, gene expression usingmicroarray was conducted on CPCs
fromWeek 14 fetal human heart tissue that had been sorted using Sca-1
or mAb C19, and the same functional analysis was done for genes that
showed a more than 5-fold difference in expression (Table 1B). Sca-
1+ CPCs scored higher in genes related to heart and muscle develop-
ment compared to the mAb C19+ cells. Conversely, mAb C19+
heart-CPCs are more related to endothelial and vascular cells, such as
angiopoietin 2 and epiregulin (Table S3B),

To validate the results obtained from our microarray gene expres-
sion analysis, qRT-PCR was done. Five genes from each of the top
gene-ontology categories were selected for validation for both the up-
and down-regulated genes in the hESC and heart group (Fig. 5A). The
qRT-PCR confirmed the findings from the microarray experiment, and
the gene expression profiles of the selected genes follow similar trends,
with the exception of phospholamban (PLN), which was found slightly
up-regulated in the qRT-PCR.

At the same time, the gene expression profiles of the hESC-sorted
fractions were compared to that of the undifferentiated HES-3 line
[15] (Figure S8A). While both hESC-sorted populations were clustered
separately from the HES-3 samples, mAb C19+ hESC-CPCs were clus-
tered relatively closer to the parental HES-3 than themAb C19- popula-
tion were, suggesting that mAb C19+ hESC-CPC do have more “stem-
like” characteristics than their mAb C19- counterparts.

3.6. Validation of angiogenic potential

Concluded from the gene profile, mAb C19+CPCs have an endothe-
lial profile. Therefore, a cell-based angiogenesis assay was done to sup-
plement the results obtained from the qRT-PCR experiments. mAb
C19+ and mAb C19- fractions from hESC differentiation were seeded
onto Matrigel and stimulated with VEGF, which would result in the



Fig. 4. Differentiation of mAb C19+ CPCs. Legend: (A) mAb C19+ heart-CPCs were differentiated into mature cardiomyocytes using the same differentiation protocol used for Sca-1+
heart-CPCs, showing cTnI (with faint sarcomeric patterning, white arrow and insert) after 21 days of differentiation. Like the Sca-1+ CPCs, mAb C19+ heart-CPCs showed a similar in-
crease in the expression of mature cardiac markers 3 weeks after the initiation of differentiation (n = 3). (B) mAb C19+ hESC-CPCs were cultured for 7 passages before undergoing
the same differentiation protocol used for heart-CPCs. Representative image of mAb C19+ hESC-CPCs on Day 21 of differentiation, showing cardiac markers cTnT and NKX2.5 and the
emergence of sarcomeric patterning of troponin (white arrows and insert). Gene expression of cardiac markers was analyzed by qRT-PCR, with down-regulation of early progenitor
markers, and up-regulation of cardiomyocyte markers after 3 weeks (n = 3). (C) Cell fractions collected from MACS with mAb C19 on Day 7 of hESC differentiation were re-aggregated
in Aggrewells to reform EBs for continuation of the differentiation protocol. Binding of mAb C19, and sarcomeric markers, MF20 and cTnT, by flow cytometry was analyzed 5 days and
10 days after MACS, and found to be significantly up-regulated in mAb C19+ populations compared to mAb C19- cells (n = 3 for unsorted control and mAb C19- samples; n = 2 for
mAb C19+ samples) (*: p b 0.05; **: p b 0.01; ***: p b 0.001).
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spontaneous formation of small capillaries made of a single cell layer
within 24 h (Fig. 5B). Compared to the mAb C19- fraction, mAb C19+
hESC-CPCs formed a more extensive mesh-like network, while mAb
C19- cells congregated to one spot and formed extensions of tubule
structures outwards. The mAb C19+ hESC-CPCs were found to be
more angiogenic than both the unsorted and mAb C19- fractions,
based on the significantly higher mesh area and tubule lengths of the
capillary network that was formed (Fig. 5C). These results showed
that mAb C19+ hESC-CPCs were not only able to differentiate into
cardiomyocytes but, under appropriate stimulation, also into the two
other cell types in the cardiac lineage (endothelial and smooth muscle
cells) that form the vascular system.

4. Discussion

In this studywe characterized a novelmAb,mAb C19, that targeted a
surface marker useful for identifying and isolating CPCs from both
human heart tissue and hESC cardiac differentiation. We have shown
that mAb C19, which was one of the novel mAbs generated against
Sca-1+ CPCs from heart tissue, was able to isolate a multipotent cell
population with CPC characteristics. These CPCs were able to generate
cardiomyocytes, either when allowed to continue differentiation in
EBs, or when stimulated with 5-azacytidine and TGFβ1. The inherent
predisposition of mAb C19+ cells, however, was towards the endothe-
lial cell fate, as observed from the gene expression microarray and an-
giogenesis assay. This was also the first study in which CPCs, isolated
during hESC differentiation and heart development using the same sur-
face marker, were used to better understand the cell phenotype associ-
ated with each population.

For a long time, the heart was considered to be a terminally differen-
tiated organ without a stem cell population for self-repair after injury.
However, there is increasing evidence that cardiac stem or progenitor
cells exist both in the adult heart, and during development. One of the
earliest identified markers of cardiac progenitors is the Sca-1 antigen
that was used by Oh et al. for isolating heart-CPCs from the adult
mouse myocardium [16]. These cells were capable of homing to the
myocardiumand differentiated into cardiomyocytes after successful en-
graftment. More recently, although based on cross-reactivity with an



Table 1
Microarray analysis of mAb C19 hESC- and heart-CPCs.
Legend: (A) large scale gene expression profilingwas done onmAb C19+ (n=3) andmAb C19- (n=3) cells sorted onDay 7 of hESC differentiation usingmicroarray analysis. The list of
5-fold down- and up-regulated genes were uploaded into DAVID for Gene Ontology categorization based on their functional annotation. The 12 categories with the highest significance
based on the p-Value are listed in the table. (B) A similar microarray analysis was conducted on mAb C19+ heart-CPCs and normalized to Sca-1+ CPCs, both sorted fromWeek 14 fetal
human heart tissue (Due to limitations in obtaining human heart tissue samples, this microarray was based on one sample.).

(A) mAb C19+ hESC-CPCs

4-fold down-regulated genes (150 genes) 4-fold up-regulated genes (109 genes)

Term Count p-Value Term Count p-Value

Heart development 16 6.2E−10 Epithelium development 11 7.6E−7
Tube development 13 5.2E−7 Epithelial cell differentiation 9 1.3E−6
Cardiac muscle tissue development 8 6.3E−7 Regulation of transcription from RNA polymerase II promoter 15 7.1E−5
Striated muscle tissue development 10 1.0E−6 Positive regulation of transcription, DNA-dependent 12 9.7E−5
Muscle tissue development 10 1.5E−6 Positive regulation of RNA metabolic process 12 1.0E−4
Muscle organ development 12 2.5E−6 Ectoderm development 8 1.6E−4
Lung development 9 2.5E−6 Cell proliferation 11 2.2E−4
Respiratory tube development 9 3.1E−6 Positive regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolic process 13 2.5E−4
Regulation of system process 14 3.2E−6 Positive regulation of nitrogen compound metabolic process 13 3.3E−4
Cardiac cell differentiation 6 4.0E−6 Positive regulation of macromolecule biosynthetic process 13 3.9E−4
Respiratory system development 9 4.8E−6 Skeletal system development 9 5.3E−4
Pattern specification process 12 2.3E−5

(B) mAb C19+ heart-CPCs

5-fold down-regulated genes (258 genes) 5-fold up-regulated genes (303 genes)

Term Count p-Value Term Count p-Value

Cell adhesion 27 1.0E−6 Blood vessel development 13 4.7E−4
Biological adhesion 27 1.0E−6 Vasculature development 13 5.9E−4
Extracellular structure organization 9 1.2E−3 Hemopoietic or lymphoid organ development 13 7.9E−4
Muscle organ development 9 6.0E−3 Regulation of cell proliferation 25 1.3E−3
Heart development 9 6.7E−3 Immune system development 13 1.3E−3
Response to retinoic acid 4 8.6E−3 Cell recognition 6 1.6E−3
Response to nutrient 7 9.4E−3 Urogenital system development 8 1.7E−3
response to vitamin 5 1.0E−2 Blood vessel morphogenesis 11 1.8E−3
Extracellular matrix organization 6 1.1E−2 Forebrain development 9 2.6E−3
Axonogenesis 8 1.2E−2 Cell–cell signaling 20 2.7E−3
Axon guidance 6 1.2E−2 Cell adhesion 22 3.1E−3
Urogenital system development 6 1.4E−2 Biological adhesion 22 3.2E−3
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unknown epitope, the anti-mouse Sca-1 antibody has shown its utility
in the isolation of CPCs from human hearts, both adult and fetal [4,6].
We have generated novel antibodies against this population of human
Sca-1+ CPCs, of which mAb C19 was validated in this study.

Immunoprecipitation of heart-CPC lysates with mAb C19 yielded a
band of around 67 kDa. Mass spectrometry analysis of this band identi-
fied it as GRP78. GRP78 is one of the members of the heat-shock-
protein-70 family, and is involved in correct protein folding and stress
response when it is localized to the endoplasmic reticulum. It alsomod-
ulates important immunological activities when it is found on the cell
surface or released into the extracellular space [17,18]. More important-
ly, recent studies have shown that GRP78 features duringheart develop-
ment in mice, and its expression is up-regulated during early
cardiogenesis [19,20]. They showed that its expression is regulated by
the cooperative binding of one of the cardiac transcription factors,
GATA4 and Yin Yang 1 (YY1), to the promoter region of GRP78. In addi-
tion to its role in early heart organogenesis, GRP78 levels are up-
regulated following hypoxia or hypoglycemic stress, and its expression
may confer protective effects to surrounding cardiomyocytes [19,21].
This makes GRP78 an interesting candidate as a novel marker for
heart-CPCs, both in fetal and adult hearts, and a potential role of
GRP78 in CPC-biology requires further investigation.

Additionally, unlike commercial anti-GRP78 antibodies, mAb C19
was shown to recognize a unique glycosylated, surface-bound form of
the protein. Glycans are gaining increasing prominence as biomarkers
in the fields of cancer and stem cell biology [22,23]. Stage-specific em-
bryonic antigens 3 and 4 (SSEA-3 and SSEA-4) are key glycolipid
markers for embryonic stem cells, and changes in glycan profiles have
been used to track their differentiation [24]. In the cardiac field, B-type
natriuretic peptide (BNP), a candidate biomarker for heart failure, was
shown to undergo extensive O-glycosylation to stabilize the pro-BNP
structure and affect the pro-peptide processing [25]. As such, the glycan
motif on the antigen of mAb C19may confer an additional level of spec-
ificity towards CPCs.

There are few intracellular markers, and no surface makers, used
in the isolation of CPCs from either the pre- or post-natal heart that
have been concurrently used in embryonic stem cell differentiation
models. Furthermore, there are no studies to date that, using the
same method, compare the two types of CPCs isolated from human
cardiac tissue and hESC sources. Both the hESC- and heart-CPCs iso-
lated with mAb C19 were shown to be multipotent cardiac progeni-
tors with the ability to generate all three cell types in the heart. They
also showed expression of early cardiac markers like NKX2.5, GATA4,
ISL-1 and MEF2C, indicating that they are indeed committed to the
cardiac lineage. Leveraging on this, we used mAb C19 as a common
marker in both systems to compare and contrast the CPCs isolated.
However, one of the limitations inherent in this study is the differ-
ence in the stage of development and level of cardiac commitment
of each CPC population. Co-staining studies on differentiating hESC
EBs showed that, while the correlation of expression of these cardiac
transcription factors and mAb C19 was strong during the early cardi-
ac developmental phase, this association was weakened after the
CPCs progressed past the progenitor state and attained functionality
and sarcomeric features of beating cardiomyocytes. The hESC-CPCs,
being isolated on Day 7 of hESC differentiation, will likely be much
more “immature”, with some early cardiac transcription factors like
NKX2.5 and ISL-1 only just starting to get expressed. Conversely,
the heart-CPCs are already fully committed progenitors found in a
Week 14 fetal heart. We were fully aware of these differences
when doing the comparison between the two populations of CPCs.



Fig. 5. Validation of microarray findings. Legend: (A) qRT-PCR was used to confirm the results obtained from the microarrays. 5 genes were selected from each of the top GO categories
gene lists for validation. For mAb C19+ hESC-CPCs and C19+ heart-CPCs, gene expression was normalized to mAb C19- hESC-CPCs and the Sca-1+ CPCs respectively (n = 3).
(B) Representative phase contrast images from the in vitro angiogenesis assay using mAb C19+ hESC-CPCs (after 4 passages in CPC growth conditions). Segments, mesh areas and junc-
tions were identified using the Angiogenesis Analyzer plug-in in ImageJ, and overlaid onto the phase contrast image. (C) Statistics from the Angiogenesis Analyzer are plotted. The mAb
C19+hESC-CPCswere found to have significantly higher angiogenic properties, based on themeanmesh area and total segment length of the capillary network formed (n=6; *: p b 0.05;
**: p b 0.01).
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The microarray analysis showed that in terms of gene expression
profiles, the hESC group (mAb C19+ and mAb C19-) clustered sepa-
rately from the heart group (mAb C19+ and Sca-1+) (Figure S8B), im-
plying that the differences resulting from the relative maturity and
tissue source have a greater impact than the similarities conferred
by the common marker. Despite such differences, one key similarity
between the mAb C19+ hESC-CPC and heart-CPCs was their up-
regulation of endothelial/epithelial-related genes. The in vitro tube
formation assay also indicated that mAb C19+ CPCs are more angio-
genic than their mAb C19- counterparts, andwe see this as an advan-
tage. Many stem cell transplantation trials using either non-resident
stem cells like skeletal myoblasts and mesenchymal stem cells, or
resident cardiac stem cells like cardiospheres, and c-kit+ CPCs, re-
ported that paracrine effects played a more important part in the im-
provements in heart function than any increase in cardiomyocyte
numbers [26–29]. The parental Sca-1+ CPCs were alsomediating re-
pair largely by paracrine effects and improving vascular density in
the initial 2 weeks of transplantation [30], and engraftment and
differentiation into cardiomyocytes were only observed in a
longer-term 12-week study [6]. In addition, in a study conducting a
direct comparison between various stem cell sources, often used in
heart transplantation studies, a positive correlation was found be-
tween the population's angiogenic abilities and secretion of angio-
genic growth factors like VEGF and angiopoietin, and the eventual
improvements in cardiac function and suppression of ventricular re-
modeling [31]. As such, it can be implied that our highly angiogenic
mAb C19+ hESC- and heart-CPCs may be a good candidate for
stem cell transplantation purposes.

In summary, we have raised a panel of CPC-specific antibodies.
The ability to use antibodies targeting surface antigens, such as
mAb C19, facilitates the characterization and, more importantly,
the isolation of cardiac progenitor populations from both hESC dif-
ferentiation models and human heart tissues. This large panel of
CPC specific antibodies will allow the use of multiple markers to ob-
tain more homogenous sub-fractions of progenitor cell populations
that as a result are better characterized. This is a vital step for the
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application of these cardiac stem cells in tissue engineering and
heart developmental studies.
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