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Abstract

Objective—The ischemic myocardium releases multiple chemotactic factors responsible for the
mobilization and recruitment of bone marrow-derived cells to injured myocardium. However, the
mobilization of primitive pluripotent stem cells (PSCs) enriched in Very Small Embryonic-Like
stem cells (VSELS) in various cardiac ischemic scenarios is not well understood.

Methods—Fifty four ischemic heart disease patients, including subjects with stable angina, non-
ST elevation (NSTME) myocardial infarction (MI) and ST elevation myocardial infarction
(STEMI), and twelve matched controls were enrolled. The absolute numbers of circulating stem/
primitive cells in samples of peripheral blood (PB) were quantitated by Image Stream Analysis
and conventional flow cytometry. Gene expression of PSC (Oct-4 and Nanog), early
cardiomyocyte (Nkx-2.5 and GATA-4), and endothelial (vWF) markers was analyzed by real-time
PCR.

Results—The absolute numbers of PSCs, stem cell populations enriched in VSELSs and
hematopoietic stem cells (HSCs) present in PB were significantly higher in STEMI patients at
presentation and declined over time. There was a corresponding increase in pluripotent, cardiac
and endothelial gene expression in unfractionated PB cells and sorted PB-derived primitive
CD34+ cells. The absolute numbers of circulating VSELSs and HSCs in STEMI correlated
negatively with patients' age.

Conclusions—Myocardial ischemia mobilizes primitive PSCs including pluripotent VSELSs into
the circulation. The peak of mobilization occurs within 12 hours in patients presenting with
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STEMI, which may represent a therapeutic window for future clinical applications. Reduced stem
cell mobilization with advancing age could explain, in part, the observation that age is associated
with poor prognosis in patients with MI.
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myocardial infarction; pluripotent stem cells; Very Small Embryonic-Like stem cells;
mobilization; Oct-4; CXCR4

INTRODUCTION

The bone marrow harbors a multitude of primitive and partially-committed stem cell
populations that are capable of differentiating into cells of cardiac and endothelial lineages
[1-5]. Acute myocardial infarction (M) initiates a cascade of events that result in
mobilization of stem/primitive cell subpopulations from the bone marrow into the peripheral
blood (PB) following the gradient of chemoattractant cytokines such as SDF-1a, LIF and
HGF [6-11]. Furthermore, there is a growing line of evidence that cardiomyocytes undergo
continuous renewal, maintained at least in part by BM-derived stem cells (BMSCs) [12-15],
accounting for up to 45% of their total number by the age of 75 [16]. Because of their
known contribution to cardiomyocyte renewal and the ease with which they can be isolated
and subsequently delivered, BM-derived stem cells (BMSCs) represent an attractive cell
population for myocardial regenerative therapies. Promising results from animal studies
[17-24] indicate that therapy with BM-derived cells can improve LV function (e.g. LV
ejection fraction, LVEF), ameliorate remodeling, and improve perfusion. However, the
benefit of BMSCs or G-CSF therapy in human studies remains modest and difficult to
reproduce [25-26] rendering their therapeutic utilization highly controversial. A better
understanding of the innate reparatory mechanisms may be required to achieve more
consistent and successful BMSCs based-regenerative studies.

Zuba-Surma et al. and Wojakowski et al. demonstrated that stem cell populations enriched
in very small embryonic like stem cells (VSELS) are mobilized into PB following ischemic
heart injury in mice and humans [9,27]. However, quantitative assessment of the
mobilization of different pluripotent stem cells (PSCs) populations, defined based on their
expression of Oct-4 and SSEA-4, and the influence of ischemic insult on their mobilization
in humans is still poorly understood. In this report we examined the mobilization of PSCs
and VSELSs in patients with different types of myocardial ischemic insults [ST-elevation
myocardial infarction (STEMI), Non ST-elevation myocardial infarction (NSTEMI), and
chronic ischemic heart disease (IHD)] using a broad multidisciplinary approach consisting
of conventional flow cytometry, Image Stream system, confocal microscopy, and gene
expression analysis. We report the first comprehensive quantitative examination of
circulating PSCs in patients with various ischemic scenarios.

MATERIALS AND METHODS

The study population consists of 54 patients; 12 patients with chronic ischemic heart disease
and angina (IHD), 12 patients with non ST-elevation myocardial infarction (NSTEMI) with
elevated cardiac enzymes, and 30 patients with acute ST-elevation myocardial infarction
(STEMI). We enrolled 12 age- and sex-matched subjects to the study population into the
control (CTRL) group. The CTRL group is asymptomatic with no history of CAD but
multiple risk factors who volunteered to participate in the study. Patients with STEMI were
referred within 12 h of symptom onset for primary percutaneous coronary intervention
(PCI). Patients were excluded if they had a systemic inflammatory process, cancer, recent
motor vehicle accident, recent surgery, active infection, history of MI or revascularization
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(coronary artery bypass graft, PCI), unsuccessful revascularization, or onset of the
symptoms >12 h . Peripheral blood (PB) samples were obtained at presentation in all
patients. In STEMI patients, PB samples were collected at presentation [(BSL) on average
4.5+3.2 hours after the onset of chest pain] and 12, 24, 48 and 72 hours after PCI. In
NSTEMI patients, PB samples were obtained within 12 hours of the diagnosis. The study
protocol complies with the Declaration of Helsinki and was approved by the institutional
Ethics Committee. All patients provided written informed consent. Figure 1 outlines the
study protocol.

Flow cytometric analysis and FACS sorting of circulating primitive stem cells from PB

PB samples were collected at the indicated times (Figure 1). Erythrocytes were lysed twice
using BD PharmLyse lysing buffer (BD Biosciences, San Jose, CA) at room temperature for
10 min and subsequently washed in phosphate-buffered saline (PBS) to yield total nucleated
cells (TNCs). TNCs were subsequently stained for hematopoietic lineages markers (Lin)
using the following fluorescein isothiocyanate (FITC) conjugated antibodies (Abs) against
human: CD2 (clone RPA-2.10); CD3 (clone UCHT1); CD14 (clone M5E2); CD16 (clone
3G8); CD19 (clone HIB19); CD24 (clone ML5); CD56 (clone NCAM16.2); CD66b (clone
G10F5) and CD235a (clone GA-R2). These Abs were purchased from BD Biosciences. The
cells were simultaneously stained for the panleukocytic marker - CD45 (PE-Cy7 conjugated
Abs, clone HI30; BD Biosciences) and one of the following antigens CXCR4 (APC
conjugated Abs, clone 12G5, BD Biosciences), CD34 (APC conjugated Abs, clone 581, BD
Biosciences), CD133 (CD133/1; APC conjugated Abs, Miltenyi Biotec, Auburn, CA) and
SSEA-4 (PE conjugated Abs, clone E025016, eBioscience, San Diego, CA). Staining was
performed in PBS with 2% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA), on ice for
30 min. Cells were subsequently washed, resuspended and analyzed using an LSR 1l (BD
Biosciences). At least 10% events were acquired from each sample. The absolute numbers of
PSCs and VSELSs were calculated (individually for each patient) per 1ul of PB based on the
percentage content of these cells detected by flow cytometry and the absolute number of
white blood cells (WBCs) per 1 ul of PB. Figure 2 outlines the flow cytometry analysis
protocol. Flowjo software was used for analysis (Tree Star, Ashland, OR).

Following lysis of erythrocytes, the populations of PB cells enriched in VSELSs (Lin-/
CD45—/CD133+, Lin-/CD45—/CD34+ and Lin-/CD45—/CXCR4+) were sorted using a
multiparameter fluorescence-activated cell sorting (FACS) with a MoFlo cell sorter
(Beckman Coulter, Fullerton, CA) according to previously published protocol [3] and used
for immunocytofluorescence analyses. Similarly, total fractions of CD34+ cells were sorted
for real-time RT-PCR (RQ-PCR) analysis of gene expression.

Imaging flow cytometric analysis with Image Stream system

PB-derived TNCs were isolated as detailed above. TNCs were fixed with 4%
paraformaldehyde (Sigma Aldrich, St. Louis, MO) for 20 min, permeabilized with 0.1%
Triton X-100 solution (Sigma Aldrich, St. Louis, MO) for 10 min and washed twice with
PBS. TNCs were subsequently stained for intranuclear transcription factor Oct-4 using anti-
mouse/human Oct-4 antibody (purified, clone 9E3, Millipore, Billerica, MA) for 2h at 37°C,
followed by washing the incubation with the secondary anti-mouse 1gG antibody conjugated
with PE (BioLegend, San Diego, CA) for 2h at 37°C. Cells were further washed and stained
for CD45 (FITC conjugated Abs; clone HI30, BD Biosciences), hematopoietic lineages
markers (Lin, as detailed above) and CD34 (PE-Cy5 conjugated Abs; clone 581, BD
Biosciences) or CD133 (biotin conjugated Abs, clone CD133/1, Miltenyi Biotec). Staining
with biotinylated antibodies was followed with staining with streptavidin conjugated with
PE-Cy5 (BD Pharmingen, San Jose, CA) to visualize the CD133 or CD34 expression. 7-
aminoactinomycin D (7-AAD) was added for 10 minutes before analysis (BD Pharmingen;
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40uM) to visualize nucleated objects. Samples were run directly on the Image Stream
System (ISS) 100 (Amnis Corporation, Seattle, WA). Signals from FITC, APC, 7-AAD and
PE-Cy5 were detected by channels 3, 4, 5 and 6, respectively, while side scatter and
brightfield images were collected in channels 1 and 2, respectively.

Immunohistochemistry

Immunofluorescence identification of pluripotent specific transcription factors and
intracellular proteins was performed on sorted stem cell populations enriched in VSELSs.
Briefly, cells were fixed with 4% paraformaldehyde for 10 minutes (Sigma Aldrich) then
washed with PBS (Sigma Aldrich). Cells were permeabilized following fixation with 0.1%
Triton-X 100 (Sigma Aldrich) for 10 minutes, blocked with 2% donkey serum (Jackson
Immunoresearch laboratories, West Grove, PA) for 30 min and then stained with primary
antibodies against Oct-4 (clone 9E3, Millipore) for 16 hours at 4° C. Primary antibodies
were washed three consecutive times with PBS before secondary antibodies were added at a
concentration of 1:100. Staining with secondary anti- mouse 1gG antibodies conjugated with
TRITC (Jackson Immunoresearch laboratories) was performed at 37° C for 2 hours and then
cells were washed three times with PBS. Cells were additionally stained for SSEA-4 (FITC
conjugated Abs, clone MC-813-70; BioLegend) and CD45 (biotin conjugated Abs, clone
HI130, BD Biosciences) followed by incubation with streptavidin conjugated with Cy5
(BioLegend) and finally nuclei were stained with DAPI (Molecular Probes, Carlsbad, CA).
All immunofluorescence photomicrographs were acquired using a Zeiss LSM 510 confocal
microscope (Carl Zeiss, Thornwood, NY).

Real-Time RT-PCR

To study mRNA levels for PSCs antigens PSCs (Oct-4, Nanog) as well as early myocardial
(Nkx2.5/Csx, GATA4) and endothelial (vVWF) markers, total mRNA was isolated using
RNeasy Mini Kit (Qiagen Inc., Valencia, CA) and reverse-transcribed using TagMan
Reverse Transcription Reagents (Applied Biosystems, Foster City, CA). Measurements of
MRNA levels of PSC, cardiac, and endothelial markers and p2-microglobulin were
performed by RQ-PCR using an ABI PRISM 7000 Sequence Detection System (ABI, Foster
City, CA). The 25 ul of reaction mixture contained SYBR Green PCR Master Mix, forward
and reverse primers for specific gene. Primers were designed with Primer Express software.
All of the primer sequences are provided in Supplemental Table 1. The threshold cycle (Ct),
i.e., the cycle number at which the amount of amplified gene of interest reached a fixed
threshold, was subsequently determined. The relative quantification of Oct-4, Nonog,
Nkx2.5/Csx, GATA4, and vVWF mRNA expression was performed with the comparative Ct
method. Briefly, the relative quantification value of target gene, normalized to an
endogenous control (B2-microglobulin gene) and relative to a calibrator, was expressed as
2-AACt (fold difference), where A, = C; of target genes - C; of endogenous control gene (B2-
microglobulin), and AAC; = AC; of samples for target gene - AC; of calibrator for the target
gene. To avoid the possibility of amplifying contaminating DNA: 1) all of the primers for
RQ-PCR were designed with an intron sequence inside cDNA to be amplified, 2) reactions
were performed with appropriate negative controls (template-free controls), 3) uniform
amplification of the products was rechecked by analyzing the melting curves of the
amplified products (dissociation graphs), 4) the melting temperature (T,,,) was 57°C to 60°C,
the probe Ty, was at least 10°C higher than primer Tp,.

Measurement of Blood Cytokine Levels

Blood samples were collected in the above mentioned time points both in STEMI patients
and controls in EDTA tubes. Tubes were centrifuged for 2000 RPM for 15 minutes. Plasma
was divided into aliquots and stored at —80°C. Plasma levels of stroma-derived-factor 1
(SDF-1a), granulocyte-colony-stimulating factor (G-CSF), vascular endothelial growth
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factor (VEGF), hepatocyte growth factor (HGF), and stem-cell factor (SCF) were quantified
using the Luminex platform system: Milliplex Human Cytokine Kit (Millipore, Billerica,
MA, USA) according to the manufacturer’s protocols.

Statistical Analysis

Data are expressed as mean + SEM. Differences were analyzed using the unpaired Student t-
test or ANOVA (one way or multiple comparisons) as appropriate. Post hoc multiple
comparison procedures (MCP) were performed using 2 sided Dunnett or Dunn tests as
appropriate with control samples as the control category. The significance level throughout
the analyses was chosen to be 0.05. All statistical analyses were performed using the SPSS
(version 16.0) statistical software (SPSS Inc., Chicago, IL). All authors had full access to
and take full responsibility for the integrity of the data. All authors have read and agree with
the manuscript as written.

RESULTS

Mobilization of pluripotent Oct-4+, SSEA4+ cells and stem cell populations enriched in
VSELSs in patients with myocardial ischemia

In myocardial ischemia, the absolute circulating number of Oct4+ VVSELSs, as analyzed by
Image Stream system (ISS), was significantly higher than controls. Representative images of
Oct-4+ primitive cells obtained by ISS are shown in Figure 3A. In healthy subjects, the
number of circulating VSELSs was low (0.5 + 0.1 cells/ul of PB). The absolute number of
Lin-/CD45—-/CD34+/Oct4+ cells was higher among patients with myocardial ischemia with
significantly higher levels in STEMI patients (0.5+0.1vs. 0.6 £0.2vs. 1.0+ 0.2vs. 2.2 +
0.4 cells/ul of PB in controls vs. IHD vs. NSTEMI vs. peak STEMI patients respectively, P
< 0.05 Control vs. peak STEMI numbers). However, the difference between controls and
patients with chronic IHD and NSTEMI was not statistically significant (Figure 3B). We did
not observe differences in the absolute numbers of circulating stem cells in different time
points in NSTEMI patients (Data not shown). In acute STEMI the number of Oct4+ VSELSs
reached peak at baseline (2.2 + 0.4 cells/ul of PB) and decreased afterwards reaching a nadir
of 0.3+0.1 cells/ul of PB at 72 hours (Figure 3B). Based on the unique capabilities of ISS
technology, we were able to quantify PSCs accurately by distinguishing real intranuclear
Oct-4 expression from false positives events.

A similar pattern of mobilization was noted in the absolute numbers of circulating Lin-/
CD45—/SSEA-4+ nonhematopoietic PSCs assessed by conventional flow cytometry. Their
numbers peaked in the circulation of STEMI patients 12 hours after presentation (Figure
3C). Mobilization of Lin-/CD45—/AC133+, Lin-/CD45—/CD34+, and Lin-/CD45—/
CXCR4+ cells enriched in VSELSs was highest at presentation (within 12 hours of symptom
onset) in STEMI patients (Figure 4). The absolute numbers of all three populations were
significantly higher among STEMI patients at the time of presentation (BSL) as compared to
controls, IHD, and NSTEMI patients (3-8 fold increase as compared to controls; P <0.01).

Mobilization of hematopoietic stem cells (HSCs) in patients with myocardial ischemia

Our flow cytometry analyses detected significant mobilization of Lin-/CD45+/AC133+,
Lin-/CD45+/CD34+, and Lin-/CD45+/CXCR4+ HSCs in patients with myocardial ischemia
when compared to controls (Figure 5). Lin-/CD45+/CXCR4+ but not Lin-/CD45+/AC133+
and Lin-/CD45+/CD34+ cells were significantly higher in STEMI patients as compared to
other ischemic heart patients (3-10 fold increase; P <0.05). The higher numbers of mobilized
Lin-/CD45+/CXCR4+ cells early in STEMI patients can potentially be a reflection of the
active recruitment by the infarcted myocardium via the SDF-1/CXCR4 axis.
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Expression of pluripotent, cardiac and endothelial markers in circulating cells by RT-PCR

The expression of pluripotent, cardiac and endothelial markers by PB TNCs was
significantly higher in NSTEMI and STEMI patients when compared to controls or chronic
IHD patients (Figure 6). The MRNA level of these genes peaked in STEMI patients at the
time of presentation (BSL) and paralleled the peak mobilization of pluripotent stem cells.

Recently, Wojakowski et al demonstrated significant expression of these markers in sorted
VSELs [9]. In agreement with Wojakowski's data, the expression of pluripotent, cardiac and
endothelial markers was significantly higher in sorted PB-derived CD34+ cells as compared
to unfractionated PB-derived TNCs (Figure 7). This enrichment was confined to CD34+
cells sorted early after the acute injury. This data indicates that the fraction of CD34+ cells is
enriched in PSCs and VSELSs. Because of the limitations in multi-parameter/multi-antigen
isolation of stem cells for clinical purposes by FACS, these findings indicate a potentially
useful enriched population for clinical applications in ischemic heart disease patients.

Cellular size and immunophenotype of mobilized PSCs

Sorted stem cell subpopulations enriched in VSELSs were analyzed with ISS which
confirmed their pluripotent phenotypic features such as their small size (7-8 um on average)
as well as their higher nuclear to cytoplasm ratio (Data not shown). Similarly, when assessed
by confocal microscopy, VSELs appeared small in size with a large nucleus staining
positive for Oct-4 (Figures 3A and 8) surrounded by a small rim of cytoplasm and staining
positive for SSEA-4 on the surface. However, these characteristics are shared with multiple
pluripotent stem cells as well as other stem cells and cannot be used solely to distinguish
PSCs [28]. Therefore, these features should be used in conjunction with other distinguishing
characteristics such as surface markers and differentiation capacity.

Plasma cytokine levels

The levels of G-CSF, VEGF, HGF, and SCF were higher in STEMI patients than in controls
with the highest level observed in the first 24 hours after the acute event. On the other hand,
the level of SDF-1a was lower early after the acute event and gradually increased to levels
similar to those in controls by 48 hours after the acute event (Table 2). Thus, there appears
to be a correlation between the early mobilization of BM-derived stem cells and changes in
serum cytokine levels.

Demographic correlations of VSELs and HSCs mobilization in STEMI patients

Our data suggest that all three populations enriched in VSELs (Lin-/CD45-/AC133+, Lin-/
CD45-/CD34+, and Lin-/CD45—/CXCR4+) and HSCs (Lin-/CD45+/AC133+, Lin-/CD45+/
CD34+, and Lin-/CD45+/CXCR4+) in STEMI patients correlated significantly negatively
with patients age (Figure 9). However, we did not observe significant correlation with serum
markers of myonecrosis or left ventricular function at baseline.

DISCUSSION

The infracted myocardium releases a multitude of chemokines, growth factors and cytokines
responsible for the dynamic mobilization, homing, and incorporation of BM-derived stem
cells to the infarction zone [11,29]. In this study, we present for the first time a quantitative
analysis of mobilized pluripotent Oct-4+ and SSEA-4+ cells including Very Small
Embryonic-Like stem cells (VSELS) in the peripheral blood of patients with various
scenarios of myocardial ischemia. This is an extension of our previous reports demonstrating
the mobilization of VSELS in patients with acute myocardial infarction [30] and the most
comprehensive evaluation of the circulating number of pluripotent, Very Small Embryonic-
Like, and hematopoietic stem cells performed to date in patients with different degrees of
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myocardial ischemia. Circulating stem cells were elevated in patients with IHD and non ST-
elevation myocardial infarction although to a lesser extent than in patients with ST-elevation
myocardial infarction. We noticed that the absolute number of PSCs, stem cell populations
enriched in VSELs and HSCs were significantly higher in patients with ST-elevation
myocardial infarction and peaks in the early phase following the acute event. These findings
suggest that the degree of ischemia, the amount of territory involved, and/or the presence of
myocardial necrosis may influence mobilization. Mobilization in STEMI patients correlated
negatively with age in all subpopulations examined. Bone marrow-derived stem cell
populations enriched in VSELs have been shown to differentiate into cardiomyocytes in
vitro [4,31] and regenerate the myocardium in vivo [30,32], highlighting the clinical
relevance of the presented data.

Adult bone marrow contains a multitude of non-committed, partially-committed, and
committed stem cell populations that contribute to the regeneration of nonhematopoietic
tissues [33]. The most primitive of these stem cells in adults are the pluripotent non-
hematopoietic stem cells such as VSELS that express various pluripotent markers including
Oct-4, Nanog and SSEA-1/4 [34-35]. VSELs isolated from adult BM exhibit morphological
features characteristic of embryonic stem cells such as small size, large nucleus with open
euchromatin and high nuclear to cytoplasm ratio when compared with HSCs and
differentiated PB cells [28]. Upon appropriate stimulation, VSELS are capable of
differentiating in vitro into cells of all three germ layers (ecto-, endo- and mesoderm)
including cardiac cells [4,31]. When transplanted in infarcted myocardium, BM-derived
stem cell populations enriched in VSELS give rise to cardiomyocytes and improve left
ventricular function [30,32].

The exclusive expression of Oct-4 in pluripotent and embryonic stem cells has been recently
challenged by reports demonstrating its presence in differentiated PB cells [36]. Therefore,
in our studies, we examined the expression of Oct-4 and SSEA-4 with dual fluorescent
immunostaining with the stem cell marker, CD34. We also excluded differentiated PB cells
by excluding from our analyses cells staining positive for the differentiated lineage
antibodies. The influx of Lin-/CD45—/CD34+/Oct4+ and Lin-/CD45—/SSEA4+ cells in PB
was significantly higher among STEMI patients as compared to controls and other ischemic
heart disease patients. However, the peak mobilization of Oct-4+ cells preceded that of
SSEA-4+ cells and the explanation for this is not readily apparent. It is possible that
cytokines responsible for SSEA-4+ and Oct-4+ cells' mobilization are different and hence
the differences in the timing of their peak mobilization. It may also be the case that the cells
with a different expression of these two markers represent cells with different level of
maturation/primitivity which may explain the response of these cells to mobilizing
chemokines. Our experience with human umbilical cord blood (UCB) indicates that
SSEA-4+ VSELSs are scarcer and exhibit more primitive morphology than Oct-4+ cells [37].
This may indicate that primitive/pluripotent SSEA-4+ stem cells are anchored to their niches
and/or more resistant to mobilization stimuli. Furthermore, we confirmed the pluripotent
nature of isolated PB-derived VSELSs on the morphological and phenotypic levels through
our Image Stream and confocal microscopy analyses. PB VSELSs isolated, based on their
surface expression markers, from patients with myocardial ischemia are small in size (7-8
um in diameter) and have characteristically large nucleus surrounded by a narrow rim of
cytoplasm similar to their BM and cord blood counterparts (Figures 3 and 8) [4,38].

Several reports have confirmed the mobilization of partially committed and committed stem
cells originating from the BM in response to myocardial ischemic injury [7-10,39-40]. Upon
appropriate stimuli, BM-derived cells are mobilized in the circulation and migrate to the
injured myocardium in a dynamic fashion following a cytokine gradient of SDF-1, LIF and
HGF [6,41]. However, the BM response to chronic IHD and NSTEMI has not been
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thoroughly investigated. In this study, we demonstrate consistent mobilization of stem cell
populations enriched in VSELSs in peripheral blood of patients with ischemia with or without
infarction, although the maobilization is less robust in chronic IHD and NSTEMI than in
STEMI (Figure 4). Mobilized PB-derived TNCs strongly exhibit markers of pluripotency,
cardiac and endothelial lineages (Figure 6) and hence can potentially contribute to the repair
of the injured myocardium. Indeed, our previous studies in animals and humans demonstrate
the commitment of BM-derived stem cell populations enriched in VSELs and PSCs for
myocardial regeneration [30,32]. Moreover, we observed the expression of these markers to
be further up-regulated in sorted CD34+ cells only in the very early phase after the acute
injury (Figure 7). The reduction in the expression of these markers can be related to “back
homing” of CD34+ and other selected subpopulations not incorporated in the myocardium.
Our data indicate the enrichment of CD34+ fraction of PB-derived cells in pluripotent
markers suggesting the presence of pluripotent stem cells in this fraction. Of note, multiple
human studies have successfully utilized BM-derived CD34+ cells in myocardial
regeneration [42-43].

Studies in sex-mismatched heart- and bone marrow-transplantation demonstrate the role of
BM-derived cells in the chimerism of cardiomyocytes reaching 50% of the total
cardiomyocyte count during the normal human life span [14-16]. In a seminal paper, Deb et
al. demonstrated that donor's BM-derived cells contribute to the chimerism of the recipient's
myocardium as well as other organs such as the liver [13]. Understanding the underpinnings
of these reparatory mechanisms especially in the setting of acute myocardial infarction can
provide helpful clues for future therapeutic studies utilizing BM-derived VSELS in
myocardial regeneration. Mobilized BM-derived cells can potentially be contributing to the
reparatory mechanisms by reducing apoptosis and stimulating the resident cardiac stem cells
rather than differentiating into cardiomyocytes [44].

Our data is consistent with previous reports from our group and others demonstrating the
mobilization of stem cell subpopulations in acute myocardial infarctionAlthough there are
discrepancies in the reported literature about changes and absolute numbers of circulating
stem cells in AMI patients, the findings can be explained by the differences in patient
characteristics, flow cytometry protocols used, or timing of blood sampling. Nonetheless,
the majority of the literature supports significant and consistent stem cell mobilization in the
early phase of myocardial infarction. This report extends these observations to Oct-4+ and
SSEA-4+ pluripotent stem cells. It is however important to mention that the surface markers
outlined in our study are not unique to any given population of stem or pluripotent cells.
CD34+ and CD133+ cells isolated from the peripheral blood have been shown to
differentiate into endothelial cells in vitro and home to ischemic limb in animal in vivo
models indicating that they include endothelial progenitor cells (EPCs) [45-46]. Thus, these
lineage negative cells represent multiple overlapping subpopulations, including EPCs among
others, that are capable of repopulating the injured heart and aid in its regeneration. On the
other hand, utilizing the co-expression of SSEA4 and Oct4 allowed us to further examine the
pluripotent portion of these populations.

In conclusion, we present for the first time quantitative evidence of circulating Oct-4+ and
SSEA-4+ cells in patients with various degrees of myocardial ischemia. The patients'
capacity to mobilize these pluripotent stem/primitive cells is hampered in the elder patients
with STEMI. Understanding the significance and underpinnings of this mobilization will be
crucial in planning future studies examining the role of VSELSs and other primitive cell
populations in myocardial regeneration and may reveal the optimal therapeutic window
suitable for pluripotent cellular therapies for myocardial regeneration.
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Study Protocol

Figure 1.

Study protocol detailing the patient populations and timing of blood samples. Patients with
ST-elevation myocardial infarction (STEMI) were enrolled upon their admission. Samples
were drawn at presentation (prior to revascularization) and 12, 24, 48 and 72 hours
following revascularization. Patients with non-ST-elevation myocardial infarction
(NSTEMI) with elevated cardiac enzymes or angina without elevated cardiac enzymes
(IHD) were enrolled upon admission and a single blood sample was obtained prior to
revascularization.
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Figure 2.

Strategy for flow cytometric analysis of Very Small Embryonic-Like stem cells and
hematopoietic stem cells. Representative dot-plots showing lymphocyte gating on the side
scatter (SSC) and forward scatter (FSC). Lymphocytes negative for the lineage markers
were further divided based on the expression of CD45, AC133, CD34, and CXCR4 markers.
VSELSs, very small embryonic like stem cells; HSCs, hematopoietic stem cells.
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Figure 3.
Mobilizations of Oct-4 positive pluripotent VSELS in ischemic heart disease patients and

controls. Panel A. Representative Image Stream pictures of circulating Oct-4 positive
VSELSs lacking the expression of hematopoietic lineages (Lin) and CD45 markers (Green)
and positive for Oct-4 (yellow) and CD34 or CD133 (magenta). Nuclei are stained with 7-
AAD (red). The combined image in the far right demonstrates the co-localization of Oct-4 in
the nucleus. Panel B. Bar graphs showing the absolute numbers of circulating Lin-/CD45—/
CD34+/0ct-4+ cells in the peripheral blood of ischemic heart disease patients and controls;
showing a peak mobilization early in STEMI patients. Panel C. Bar graphs showing the
absolute numbers of circulating Lin-/CD45—/SSEA-4+ cells in the peripheral blood of
ischemic heart disease patients and controls; showing a peak mobilization early in STEMI
patients. (* P < 0.05 as compared to controls). NSTEMI, non-ST-elevation myocardial
infarction; PB, peripheral blood; STEMI, ST-elevation myocardial infarction.
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Figure 4.

Bar graphs showing the absolute numbers of circulating VSELSs in the peripheral blood of
ischemic heart disease patients and controls; showing a peak mobilization early in STEMI
patients. (* P < 0.05 as compared to controls). NSTEMI, non-ST-elevation myocardial
infarction; PB, peripheral blood; STEMI, ST-elevation myocardial infarction.
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Figure 5.

Bar graphs showing the absolute numbers of circulating HSCs in the peripheral blood of
ischemic heart disease patients and controls; showing a peak mobilization early in STEMI
patients (* P < 0.05 as compared to controls). NSTEMI, nonST-elevation myocardial
infarction; PB, peripheral blood; STEMI, ST-elevation myocardial infarction.
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Figure 6.

Bar graphs showing the mRNA expression of pluripotent markers - Oct-4 and Nanog (Panel
A and Panel B, respectively), cardiac markers - Nkx2.5/Csx and GATA4 (Panel C and
Panel D, respectively) and endothelial antigen - vWF (Panel E) in PB TNCs isolated from
ischemic heart disease patients and controls. The expression of primitive, cardiac and
endothelial genes was consistently higher in STEMI patients early after the acute event (* P
< 0.05 as compared to controls). NSTEMI, non-ST-elevation myocardial infarction; STEMI,
ST-elevation myocardial infarction.
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Bar graphs showing the mRNA expression of pluripotent markers - Oct-4 and Nanog (Panel
A and Panel B, respectively), cardiac markers - Nkx2.5/Csx and GATA4 (Panel C and

Panel D, respectively) and endothelial antigen - vWF (Panel E) in sorted CD34+ cells

isolated from ischemic heart disease patients and controls. The expression of primitive,
cardiac and endothelial genes was consistently higher in STEMI patients early after the
acute event (* P < 0.05 as compared to controls). NSTEMI, non-ST-elevation myocardial

infarction; STEMI, ST-elevation myocardial infarction.
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A C
DAPI
.
Figure 8.

Representative confocal microscopic images documenting the expression of primitive
markers in circulating very small embryonic like stem cells. The pluripotent nature of
circulating VVSELS is evidenced by the positivity for the primitive surface marker SSEA-4
(FITC, green) and the nuclear marker Oct-4 (TRITC, red). Circulating VSELSs are negative
for the expression of CD45 (Cy5, Magenta). Nuclei are stained with DAPI (blue). The
merged image demonstrates the co-localization of Oct-4 in the nucleus and SSEA-4 on the
surface. The scale indicates 5um.
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Figure 9.
The negative correlation between the peak mobilization of different VSELS' subpopulations

(Panels A-C) and HSCs (Panels D-F) in STEMI patients and patients' age. All three
VSELSs' subpopulations correlated negatively with age (P < 0.05). HSCs showed statistically
significant or strong trends towards negative correlation with patients' age.
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Table 1

Demographic, clinical and laboratory characteristics of study population and controls.
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Controls | Chronic IHD | NSTEMI STEMI
(n=12) (n=12) (n=12) (n=30)
Age (years) 4719 58+10 51+10 61+11
Female 50% 42% 33% 23%
HTN 25% 83% 83% 2%
DM 8% 50% 33% 19%
Hyperlipidemia 25% 83% 83% 93%
Smoking 8% 50% 50% 60%
Peak Troponin NA 0+0.1 3+5.3 62+39
Peak CK NA 7647 206+190 | 2877+3240
Peak CK-MB NA 2+0.9 19432 210+114
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