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ABSTRACT

Recent studies suggest that whole bone marrow
(WBM) derived stem cells may facilitate recovery
following myocardial infarction. However, the
sub-population of WBM responsible for recovery
remains uncertain. By adjusting the abundance
of CD34'Lin"*? cells in human bone marrow we
examined the relative significance of hemato-
poietic stem cells (HSC) in the recovery of car-
diac function in a murine model of induced
myocardial infarction. Enrichment of HSC by
~100-fold in WBM transplanted into mice sig-
nificantly increased recovery of heart function
and reduced scar size compared to transplanta-
tion of WBM depleted in HSC by ~10-fold (P <
0.05, and P < 0.01 respectively). Peri-infarct cap-
illary density was significantly increased in re-
cipients of HSC-enriched samples (P < 0.01) or
WBM samples (P < 0.01) compared to controls.
These results strongly suggest a critical role for
HSC in the effective treatment of myocardial
infarction with human bone marrow, and imply
that enrichment of HSC may markedly benefit
the clinical application of WBM treatments.

Keywords: Hematopoietic Stem Cells; Myocardial
Infarction; Transplantation; Cardiac Disease

1. INTRODUCTION

Myocardial infarction (MI) is the leading cause of dis-
ease mortality worldwide [1]. MI is a common conse-
quence of cardiovascular disease (CVD) and results in
either immediate death in the acute phase (AMI) or pro-
longed deterioration of cardiac function that leads to fatal
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cardiac failure or arrest in chronic cases. An MI results
from the occlusion of a coronary blood vessel, usually by
an atherosclerotic plaque, and the damage of MI is pri-
marily due to the resultant lack of perfusion of oxygen
and nutrients to the downstream area of cardiac tissue.
Conventional therapy has focused on the reperfusion of
the affected region, stabilization of heart function, and
measures to prevent recurrence.

Adult stem cells may have shown the potential to re-
duce the near-term loss of life and regenerate heart func-
tion after MI in small scale clinical studies [2-5]. Bone
marrow is the most studied accessible source of adult
stem cells, and over the last decade bone marrow cells
have been assessed for their capacity to regenerate heart
tissue and function in both animals and humans. How-
ever, bone marrow is an extremely complex organ com-
prised of multiple types of cells. The mix of cell types
within bone marrow has given rise to disagreements
about the possible roles they could play in the regenera-
tion of cardiac tissue. There has been much debate over
which cells, including HSC, may contribute to recovery
of heart function. Transdifferentiation, cellular fusion,
neovascularization, and immune modulation have been
suggested as mechanisms of action for observed im-
provements resulting from treatment with bone marrow
but uncertainty remains [6-9]. HSC reside primarily in
bone marrow and give rise to all cells of the hematopoi-
etic system. Various cluster of differentiation cell surface
markers including CD34, CD90, CDI133, and CD38
[10-12] have been used to phenotypically distinguish and
purify HSC from other WBM cells in humans using flo-
rescent activated cell sorting (FACS). Extensive thera-
peutic utilization and the ability to purify HSC based on
their defined surface phenotype makes them an attractive
source of stem cells for cellular therapies.

A number of clinical trials have been performed to as-
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sess the utility of BM-derived samples in facilitating the
recovery for cardiac damage. Controlled human trials
including randomized, double blindstudies that involved
administration of BM cells into coronary arteries have
shown modest subsequent improvements to global heart
function [13-15]. However, other studies performed un-
der similar conditions have found no functional im-
provement for intracoronary delivery [16,17] and no
positive effect following transendocardial delivery [18].
Mobilization of BM stem cells either as a natural re-
sponse to injury [19] or with granulocyte colony-stimu-
lating factor [20] show functional improvements, albeit
limited, which may be linked to improved perfusion of
the infarcted area. Mobilized CD34" cells have been
shown to contribute to vasculogenesis and cardiomyo-
genesis in rats [21], and have also been shown to have
greater efficacy than total mononuclear cells [22].
Autologous CD34" cells infused into the infarcted artery
of acute MI patients in human trials showed a similar
positive response to the findings in rat models [23], al-
though this was not carried out in direct comparison to
the total BM cell population. A 2012 meta-analysis of
randomized controlled clinical trials concluded intra-
coronary delivery of BM cells significantly increased
functionality and reduced MI reoccurrence [24]. Com-
parisons of the relative efficacies of different cells types
have shown BM mononuclear cells to be more effective
than BM mesenchymal stem cells (MSC) [25] and adult
HSC to be more effective than cord blood stem cells [26].
However, the relative ability of HSC within WBM cell
preparations to facilitate recovery from cardiac damage
has not yet been assessed.

2. MATERIALS AND METHOD
2.1. Bone Marrow Collection

Bone marrow samples were obtained from an anony-
mous donor in collaboration with the Transplant Institute
of the Pacific (Hawaii Medical Center East, Honolulu,
HI). The Institutional Review Board cleared this study
from oversight because all samples were obtained from
deceased anonymous donors with the informed written
consent of a direct family member.

2.2. Preparation of Bone Marrow-Derived
Samples

Mononuclear cells were prepared from thawed bone
marrow aspirates using the standard protocol for Ficoll
density gradient separation using the GE Ficoll-Paque
PREMIUM™ (Pittsburgh, PA). The HSC (CD34 Lin"®)
depleted and enriched samples were obtained and as-
sessed using a combination of magnetic activated cell
sorting (MACS) and FACS. MACS was performed with
the Lineage Cell Depletion Kit or CD34" Microbead Kit
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(MiltenyiBiotec; Auburn, CA) for HSC enrichment or
depletion respectively. FACS analysis and sorting of
HSC was performed on a Becton Dickinson Aria II using
PE-CD34 and a PE-Cy5.5 lineage cocktail (see Table S1
for list of antibodies). LiveDead™ (Invitrogen; Carlsbad,
CA) staining showed greater than 85% cell viability in
the source WBM samples and was used to exclude dead
cells during FACS.

2.3. Mice

Prkdc*™ Severe Combined Immune Deficient (SCID)
mice (Jackson Laboratory; Bar Harbor, ME) were housed
in aseptic caging in accordance with the guidelines of the
Laboratory Animal Services at the University of Hawaii
and the Committee on Care and Use of Laboratory Ani-
mals of the Institute of Laboratory Resources National
Research Council (DHEW publication 80-23, revised in
1985). This study was reviewed by ACURO (USAMRMC
Animal Care and Use Review Office) and received ap-
proval on Apr 30, 2009 (approval #: 08052002).

2.4. Echocardiography

Short-axis m-mode echocardiograph analysis of heart
function was performed on unanaesthetized mice as pre-
viously described [27] at —1 (baseline) and 30 days using
a Vevo2100™ ultrasound device (Visual Sonics Inc; To-
ronto, Canada) with an 18 MHz transducer. The follow-
ing measurements were taken via the software on the
Vevo2100™ machine (all in mm): interventricular sep-
tum depth during diastole (IVS;d), left ventricular inter-
nal diameter during diastole (LVID;d), left ventricle pos-
terior wall depth during diastole (LVPW:d), interven-
tricular septum depth during systole (IVS;s), left ven-
tricular internal diameter during systole (LVID;s) and left
ventricular posterior wall depth during systole (LVPW:;s).
At each time point, ten separate heartbeats per mouse
were analyzed to determine left ventricular ejection frac-
tion (LVEF) as well as fractional shortening (FS). First
the volume of the left ventricle during diastole and sys-
tole, LV Vol;d and LV Vol;s respectively, were deter-
mined, and those values were then used to calculate
LVEF and FS.

LV Vol;d = ((7.0/(2.4 + LVID;d)) x LVID;d3)

LV Vol;s = ((7.0/(2.4 + LVID;s)) x LVID;s3)

LVEF% =100 x ((LV Vol;d — LV Vol;s)/LV Vol;d)

FS% =100 x ((LVID;d — LVID;s)/LVID;d)

Analysis was performed for the following number of
mice within each group; control n = 6, HSC-depleted n =
10, whole bone marrow n = 6, and HSC-enriched n = 10.

2.5. Cryoinjury

The procedure for infarct induction using cryo-abla-
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tion was performed as previously described [28]. Briefly,
isoflurane-anaesthetized mice were artificially ventilated
using a small-rodent ventilator (Harvard Apparatus; Hol-
liston, MA) throughout surgery. A thoracotomy was per-
formed through the fourth left intercostal space, the
pericardium was separated and opened, and the heart
exposed. Cryoinfarction was produced by the application
of a liquid nitrogen chilled probe of 2 mm in diameter to
the free wall of the anterior left ventricle for 10 seconds.
The exact position of the probe was carefully set using
the left atrium and branches of the left cardiac vein as
anatomic landmarks.

2.6. Cell Transplantation

Approximately 1 minute after the cryoinjury, 1.5 x 10°
cells suspended in 30 ml PBS or an equal volume of ster-
ile PBS was injected using 30-gauge insulin needles in at
least three positions of the peri-infarct area identified by
a paling of the myocardium. Following wound closure
the animals were removed from ventilation and placed in
a bleach-sterilized, heated recovery chamber supplied
with oxygen until they regained consciousness. Average
mortality rates for this procedure were approximately ten
percent, with excessive blood loss being the primary
complication.

2.7. Histology and Immunohistochemistry

Thirty days after cryoinfarction, all mice were sacri-
ficed and hearts were retrieved for immunohistochemical
analysis. The following number of mice were processed
for histology in each group; control n = 7, HSC-depleted
n = 10, whole bone marrow n = 9, and HSC-enriched n =
10. Briefly, the hearts were arrested in 5.4 mM KCI at
4°C before 6 hours of fixation with fresh 4% parafor-
maldehyde. Prior to paraffin embedding, hearts were
visualized for macroscopic indications of the infarct for
later guidance with sectioning. Ten successive Smm sec-
tions were collected on 5 slides at intervals to obtain sec-
tions from the center of the infarction. Collagen deposi-
tion analysis of midline scar length, the circumference of
scarred left ventricle midway between the epicardial and
endocardial surfaces, using Mason’s Trichrome staining
[29] was used to assess infarct size. Revascularization of
the peri-infarct zone was assessed by quantification of
capillary density by a blind observer utilizing DAB visu-
alization of endothelial cell specificlsolectin B4 staining
[11]. Human nuclear antigen (HNA) immunostaining
with DAPI counterstaining was performed to determine
whether transplanted cells were retained within infracted
hearts at the study endpoint. Images were taken on an
Olympus BX41™ microscope using Pictureframe™
software (version 2.3), and quantified and analyzed using
ImagelJ (version 1.44 n).
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2.8. In Vitro Functional Analysis of
CD34'Lin"*? Bone Marrow Cells

The frequency of HSC in the CD34'Lin™¢® WBM
population that was used to either enrich WBM or was
depleted from WBM in this study was assessed using the
cobblestone-area forming cell (CAFC) assay performed
as previously described [30].

2.9. Statistical Analysis

Comparisons of data from all cohorts were conducted
using one-way ANOVA and Student’s #-test.

3. RESULTS

3.1. Analysis of the Relative Contribution
of HSC to the Recovery of Cardiac
Function after Induced Myocardial
Infarction

To determine whether the HSC population of bone
marrow contributes to functional recovery after MI, we
generated BM samples differing in their HSC content:
HSC MACS depleted, untreated whole bone marrow
(WBM), and HSC MACS enriched. FACS analysis of the
depleted, WBM, and enriched samples was used to de-
termine the relative number of CD34'Lin™*¢ cells. The
depleted and enriched samples had an approximately
10-fold reduction or 100-fold increase in the numbers of
HSC, respectively (Figure 1) relative to WBM. Sham
MACS processed WBM samples were created by proc-
essing mononuclear cells without antibody labeling
through a MACS column.

HNA co-staining with DAPI was performed to evalu-
ate whether cells with human nuclei had persisted to the
experimental endpoint in the peri-infarct zone of hearts
of mice receiving the transplanted BM samples. Co-
staining revealed that hearts received both the HSC-de-
pleted and HSC-enriched samples retained human cells
at 30 days after treatment (Figure 2).

To establish whether treatment with 1.5 x 10° cells per
animal for each sample had affected recovery after in-
duced MI we assessed cardiac functional changes by
performing echocardiography. Baseline measurements
were taken from the pool of mice used in the experiment
and endpoint measurements were taken prior to euthana-
sia. ANOVA revealed no significant difference between
the groups’ baseline data (F = 2.6 < F”" = 2.9). There
was a significant decrease in the left ventricular frac-
tional shortening (LVFS) of the control group and the
groups receiving HSC-depleted samples and WBM at
four weeks after cryoinfarction compared to the baseline
(P < 0.05). In contrast, heart function (as measured by
LVFS) in the groups that received HSC-enriched samples
was restored to levels not significantly different from
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Figure 1. Sample FACS analysis of the different bone marrow derived samples used in this study. The rectangle represents the
CD34" cells as a component of the live Lin“ population of WBM. Relative numbers of HSC (CD34Lin"¢) are expressed as

a percentage of the total number of live cells.
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HSC-
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Figure 2. Assessment of the retention of transplanted BM cells
within the peri-infarct zone of treated hearts. Co-staining of
DAPI and human nuclear antigen (HNA) in the peri-infarct
area of hearts that received either the HSC-depleted or HSC-
enriched samples is selectively illustrated by red arrows.

those observed prior to infarct induction (P > 0.05, Fig-
ures 3(a) and (c)). Analysis of ejection fraction of the
left ventricle showed a similar pattern of the effect of
HSC on heart function for the different groups to that
observed in the LVFS analysis (Figures 3(b) and (¢)). A
significant difference was observed between the HSC
enriched groups and all other groups for both the LVEF
and LVFS endpoints. No significant difference (P > 0.05)
was observed between groups receiving sham MACS
processed and unprocessed WBM samples for either
LVES or LVEF (Figures S1(a) and (b)).

3.2. Analysis of the Relative Contribution
of HSC to Cardiac Tissue Recovery
Following Induced Myocardial
Infarction

It is well established that myocardial infarction of the
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Figure 3. Analysis of in vivo heart function using echocardi-
ography. Quantitative analysis of cardiac function using left
ventricular fractional shortening (a) and left ventricular ejection
fraction (b); Groups receiving control, HSC-depleted and
WBM samples showed a significant reduction (P < 0.05) in
function from baseline. The group receiving HSC-enriched
samples showed significant (P < 0.05) improvement in EF
when compared to the control (), HSC-depleted (), and whole
BM (") sample receiving groups. A summarization of echo-
cardiographic data including left ventricular end-systolic
(LVESD) and end-diastolic (LVEDD) dimensions is shown in

(©.

left ventricle is associated with weakening and thinning
of the left ventricular wall. We assessed whether HSC
play a role in facilitating the recovery of cardiac wall
thickness after treatment of an induced infarction with
bone marrow. Infarct size was assessed by Mason’s
Trichrome staining of collagen deposition, and midline
infarct lengths were measured as previously described
[29] (Figure 4(a)). The group receiving HSC-enriched
samples showed a significant reduction in infarct size
when compared to each of the other groups (P < 0.05,
Figures 4(b)).
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Figure 4. Analysis of the effect of HSC dosage within trans-
planted BM samples on infarct size four weeks post-transplant.
(a) Representative section of hearts from each treatment group
(the same mice as assessed in Figure 2 stained with Mason’s
trichrome. Images illustrate the differences in the myocardial
scarring of hearts from different treatment groups. Scale bars (1
mm) are shown; (b) Quantitative analysis of infarct size as
assessed by measurement of the midline lengths of the infarct
zone. The group receiving HSC-enriched samples had signifi-
cantly less scarring compared with the groups receiving Control

(*P < 0.05), HSC-depleted (P < 0.01), and WBM (* P < 0.05)
samples.

3.3. Analysis of the Relative Contribution of
HSC to Facilitation of Revascularization
in the Infarct Area Following Induced
Myocardial Infarction

Previous studies have suggested that stem cell samples
used to treat myocardial infarction promote neo-vascu-
larization, and that this may be responsible for the re-
generative effects of these treatments [21,22,31,32]. To
determine more conclusively whether HSC are responsi-
ble for this revascularization following bone marrow cell
treatment, we analyzed the density of capillaries in the
peri-infarct zone of infarcted hearts one month after
treatment (Figure S(a)). Comparison of isolectin and
trichrome images facilitated capillary density analysis in
the peri-infarct zone. Capillary density was measured as
the mean number of capillaries per 100 square microme-
ters. There was a clear trend of increasing capillary den-
sity as a function of the number of HSC transplanted. In
particular, the groups receiving either WBM samples or
HSC M-enriched samples had significantly higher peri-
infarct capillary density than the group receiving HSC-
depleted samples (P < 0.01) or the control group (P <
0.01) (Figure 5(b)). No significant difference in capillary
density was observed between the groups receiving sham
MACS processed WBM and WBM samples (P > 0.05,
Figure S1(c)).
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Figure 5. Analysis of the effect of HSC dosage within trans-
planted BM samples on neovascularization within the infarct
zone. Analysis was performed on the same mice as were as-
sessed in Figures 1 and 2. (a) Analysis of capillary density
within the infarct zone. Examples of Isolectin B4 staining illus-
trate differences in peri-infarct zone capillary density. Infarcted
tissue is the paler area in the upper right of each image; (b)
Quantitative analysis of the mean capillary density in the
peri-infarct zone. There was no difference between the groups
receiving control and HSC-depleted samples (P > 0.1), or
WBM and HSC-enriched samples (P > 0.1). Significant differ-
ences were observed between the groups receiving HSC-en-
riched and control samples (P < 0.01), and HSC-enriched and
HSC-depleted samples (*P < 0.01). There were also significant
differences between the groups receiving WBM and control
samples ("P < 0.01), and WBM and HSC-depleted samples (P
<0.01).

4. DISCUSSION

In the last decade the possibility of stem cell treatment
for heart disease, the world’s most pervasive non-infec-
tious ailment has gone from a novel paradigm shift to
full-scale clinical trials. We have now determined by
rigorous assessment that HSC have a specific role as a
component of the treatment of MI with BM aspirates.
Our data show a strong relationship between the propor-
tion of HSC in samples of human bone marrow delivered
by intramyocardial injection into infarcted hearts and the
regeneration of the myocardium. A ~10-fold reduction in
HSC removed the pro-angiogenic potential of bone mar-
row treatment (Figure 5(b)) and hearts receiving these
samples showed reduced recovery of heart function
(Figure 3). Conversely, a ~100-fold increase in HSC
elicited improvement in LVEF and a pro-angiogenic re-
sponse, and also significantly decreased the scarring of
the left ventricle after MI (Figure 4(b)).

Our findings are consistent with the dose-dependent
functional improvements observed in the clinic following
intracoronary infusion of autologous CD34" cells in AMI
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patients [23]. Circulating human CD34" cells also con-
tain a small fraction of endothelial progenitor cells (EPC)
[33]. A previous investigation [22] has suggested a
therapeutic potential of highly purified CD34 EPCs, de-
rived from circulating mononuclear cells, in the treat-
ment of cardiac infarcts. A low frequency of murine bone
marrow CD34" cells have been shown to exhibit EPC
characteristics [34], and EPC are known to have pro-
angiogenic effects which can positively affect the out-
come of ischemia [22].

Our cell collection and enrichment protocol leads to
strong enrichment or depletion of HSC, as assessed by
limit dilution CAFC analysis of CD34"Lin"*® bone mar-
row-derived cells used in this study (Figure S2). How-
ever, we cannot totally exclude potential contributions
from the small number of EPC in human bone marrow.
There has been controversy over the possible efficacy
and mechanism of BM treatment of MI focused around
the persistence and function of stem cells in the myocar-
dium [7,8,35], with findings both dismissing and sup-
porting the trans-differentiation of non-cardiac lineage
stem cells into functional cardiomyocytes and endothe-
lial tissue. Despite these contradictions, there is a grow-
ing body of data from studies of bone marrow derived
cell transplantation post-MI in animal models [9,36-38]
and human clinical trials [2,14,23,39-42] that show im-
provements in heart function over the short and long
term consistent enough to be retained in extensive
meta-analysis [24]. The variability in reported data high-
light the need to better understand what makes some
cellular therapies successful whilst others effect no im-
provement. We did not evaluate the molecular mecha-
nisms of the transplanted HSC, however evidence has
emerged in support of the hypothesis that a significant
potential therapeutic effect of transplanted adult stem
cells in cardiac repair is the mediation of paracrine
mechanisms by secreted factors (e.g. Protein Kinase B
(Akt), endothelial NO synthase (eNOS), vascular endo-
thelial growth factor (VEGF), angiopoietin (Ang-1),
Macrophage migration inhibitory factor (MIF)) that may
play cardio-protective, anti-apoptotic, and pro-angio-
genic roles [9,38,43]. It remains to be assessed how other
accessible sources of adult stem cells, for example adi-
pose-derived stem cells, perform relative to HSC in
therapies to facilitate recovery from MI. The finding that
B-cells have cardioprotective effects in the short term [44]
make it clear that there is more to BM mononuclear cell
treatments than stem cells and demonstrates the need to
better understand the roles of the constituent cells of
bone marrow.

Bone marrow derived HSC have been observed to
contribute to angiogenesis in cardiac ischemia models
[21,22]. However, the search for the most therapeutically
effective stem cell population within the bone marrow
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has led many researchers to hypothesize that the MSC,
being more plastic and having the capacity to differenti-
ate into myocytes [45,46], are principally responsible for
regeneration of the myocardium. Hence, considerable
research has been dedicated to the study of BM MSC
[45-50] based on the assumption that their multi-lineage
potential make them more likely candidates for enhanc-
ing cardiogenic repair than HSC. We have assessed the
relative contribution of HSC within the context of the
whole BM aspirate, and our data from mice receiving
BM samples depleted of HSC (Figures 3-5) suggest that
human bone marrow HSC are largely responsible for the
recovery reported in cell-based MI therapy. MSC may
[51], or may not [25], have greater regenerative capacity
than HSC. However the lower relative numbers of
non-hematopoietic stem cells [52] in the bone marrow
extracted for cell-based therapy may relegate the regen-
erative contribution of these cells to a small role in cir-
cumstances using whole bone marrow. This characteris-
tic also makes it difficult to use MSC in time-critical
practical situations. While the selection criteria we em-
ployed for the enrichment of HSC (the CD34 "Lin"® sub-
population of WBM) does not exclude the presence or
possible therapeutic effect of MSC in our bone marrow
derived samples, in vitro functional analysis using the
CAFC assay showed a marked enrichment of HSC in the
CD34Lin™* population (Figure S1), that was specifi-
cally modified in our samples, as opposed to MSC which
do not form cobblestone colonies in this assay [30].

In conclusion, we have shown that despite previous
conflicting reports on the use of HSC, selective alteration
in relative numbers of HSC within human BM samples
transplanted into infarcted hearts has profound affects on
the recovery from MI. By recognizing the importance of
this accessible stem cell population in the treatment of
MI, we suggest that the minimal processing required for
HSC enrichment of autologous bone marrow make this a
viable strategy for increasing the efficacy of treatments
in the clinical setting.
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Figure S1. Analysis of the effect of MACS
cell preparation on revascularization, infarct
size, and heart function. No significant dif-
ference was seen in either LVFS (a) or LVEF
(b) between groups receiving WBM sham
processed with MACS or not; (c) Mean
peri-infarct capillary density 30 days post in-
farction and cell transplantation for groups
receiving WBM either processed by MACS
or not showed no significant difference be-
tween preparation methods.
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Figure S2. In vitro analysis of HSC frequency in the CD34"
LinNeg bone marrow population by limit dilution analysis of
CAFC. The CAFC assay was performed as described previ-
ously. The number of CD34'Lin™®¢ cells FACS sorted into
wells of a 96-well plate is shown on the x-axis. Each data point
represents average value from in triplicate analysis.
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